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There is a growing demand among lumber consumers for

maximum strength values per unit volume of material and more

reliable working stresses for structural timbers. This situa-

tion, allied with the rapid depletion of virgin growth timber,

has made it diflScult for the lumberman to meet the require-

ments of commerce without a more perfect knowledge of the

factors influencing the strength and usability of wood than he

has had in the past. Numerous researches, beginning with that

of Parent about the year 1707, have been made on the me-

chanical properties of wood. Fernow ('92) summarized the

earlier works, and the more recent investigations have been

covered by The National Committee on WoodUtilization ( '29)

and by Withey and Aston ( '30)

.

Defects in the form of knots and shakes have a definite effect

upon the strength of beams, depending upon the size, condition,

and position of the imperfections (Newlin and Johnson, '24).
1

Spiral- and cross-grain have a decided effect upon strength and
elastic properties, depending upon the angle at which the fibers

lie in relation to the axis of the test stick (Wilson, '21).

The strength properties of clear wood have a certain relation

to the specific gravity (density) regardless of species (Newlin

and Wilson, '19, and Markwardt, '27) , but it is readily observed
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that this relationship has definite limitations. For wood iu

general there may be a variation in compression strength of

from 2000 to 3000 pounds per square inch for a given density.

Wood taken from trees of the same species, and even from the

same tree, has a variation of from 40 to 70 per cent (based upon
the minimum strength) for a given specific gravity.

The purpose of this investigation on the wood of southern

yellow pine was to determine the causes of these variations and

if possible to describe them so that their presence might be

recognized without first testing the material. It was found that

the variations may be attributed to two sets of variables which,

though interlocking, may be roughly outlined, as (1) the

physical condition and chemical constituents of the cell wall,

and (2) the anatomical structure of the wood. The physical

conditions include the fiber-saturation point, the moisture con-

tent, the absolute density of the wood substance, and the per-

centage of resin affecting the specific gravity. Anatomical

differences in the southern pines were the relative amounts of

thick- and thin-walled fibers in a given area as determined by
rate and type of growth, the size and distribution of resin ducts

and wood rays, the length and diameter of the tracheids, and

the structure of the cell walls. In evaluating the strength on

the basis of structure, all specimens containing visible defects

in the form of knots, checks, and shakes, and cross-grain of

more than 1 in 25 were not used. A knowledge of the fiber-

saturation point was necessarj- in order to eliminate moisture

effects on strength. In addition, the specific gravity was cor-

rected for benzol-soluble compounds in order to get the true

relationship between the density and strength, since this was
the most accurate measure of the relative mass of the different

specimens. No attempt was made to study the chemistry of

the cell wall.

Materials

The seven trees used in this study were selected by repre-

sentatives of the American Creosoting Co., and the writer is

indebted to these men for the data to be found in table i. Three
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species of southern yellow pine were included : Pinus Taeda L.

(loblolly pine, trees 1, 2, 5, and 7), Pinus echinata Miller (short-

leaf pine, tree 3), and Pinus palustris Miller (longleaf pine,

trees 4 and 6).

One 32-ft. log was taken from the butt portions of trees 1, 2,

3, and 4, whereas three 8-ft. logs were taken in trees 5, 6, and 7,

one at the butt, one from the top of the merchantable timber,

and the third midway between the other two. In the latter

group (trees 5, 6, and 7), note was made of the distance of each
8-ft. log from the stump. The seven logs collectively covered a

range of 68 feet from the stump, so that the material was suf-

ficient to make a comparative study of the distribution of

strength throughout the merchantable timber.

Each of the logs was marked as to compass direction and
tree number when cut, and samples of leaves and cones were
collected from each tree for botanical identification. The ends
were painted to prevent dr^^ing out, and care was taken to pre-

serve the bark intact. They were shipped in the log to Philip

Gruner Bros. Lumber Co., St. Louis, where they were sawed
into test sticks for the laboratory. For purposes of identifica-

tion, each log was considered as divided into 4-f t. lengths called

bolts which were consecutively lettered a, h, c, etc., beginning at

the butt. Bolt a in each tree represented the first 4 feet from
the stump, b the second 4 feet (the segment between 4 and 8

feet), c the third segment between 8 and 12 feet, and bolt q
represented the segment betwen 64 and 68 feet (fig la).

Each bolt was outlined on the larger end (fig. lb) from north

to south through the pith and from east to west, in order that

4 series of specimens across the entire stem in the two direc-
r

tions could be identified. The lines were drawn at intervals

of two inches, which allowed room for sawing and dressing the

sticks. The individual specimens were then marked by tree

number, bolt letter, compass direction, and distance from the

pith. From the pith to the bark on the north and south sides

there were two series of specimens numbered 1, 3, 5, 7, etc., and
2, 4, 6, 8, etc., respectively (fig. lb) . The same was true for the
east and west sides beginning with the second specimen from
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the pith. Adjacent to each of these was a second series bearing

sub-numbers. The latter series was available only in the

larger trees. For example specimen 3eE3 from tree 3, bolt e,
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Fig. 1.

specimens

. diagrammatic sketch showing the method of selecting and marking test

a, the trunk of the tree divided into bolts; b, the crosa-aection of a
y the method of labeling; c, a typical specimen with complete markings.

The specimen indicated was from tree 3, bolt e, on the east aide, and
specimen from the pith.

side of the tree, with its center 3 inches from
would be marked as shown in fig The first fig

specimen number or identification mark refers
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number, the first letter (which is always a small letter), to the

bolt, the second letter (always a capital), to the compass direc-

tion, and the last figure or series of figures (as in 5bN3-3) gives

the position along the radius or distance from the pith.

The method of marking specimens is in accord with the rec-

ommendations of the American Society for Testing Materials,

except that the marking was done on the bottom or larger end
of the bolt in order to save all specimens six inches or more in

length in the outer sapwood.

The material tested green was surfaced at once and stored in

wet sawdust in the laboratory during the period of testing.

Moisture samples were taken from each test stick immediately

on receipt at the laboratory in order to get a measure of the

moisture distribution in the green tree. The material tested

dry was allowed to season about three months in the rough, then

surfaced and stored in the laboratory until tested. The ma-
terial from trees 1 and 2 was kept in the laboratory for about

a year before the tests were made.

Physical Properties

THE FIBER-SATURATION POINT
F

The fiber-saturation point of wood may be defined as the

state in which the wood substance is saturated throughout with-

out moisture existing as free water in the lumina of the cells or

intercellular spaces. Theoretically, the physical properties of

the wood fiber should not change with further additions of

water since it would only displace the gases in the free spaces.

Bearing in mind the fact that resins and oils present in the pine

wood are not soluble in water, it can readily be seen that a per-

fect gradient of moisture, which is necessary in order to locate

the exact point of saturation, is very difiicult to obtain. The
more commonmethods of measuring the fiber-saturation point

are based upon either the change in volume of the specimen,

the change in strength properties, or upon the change in specific

conductance, all of which agree in general but vary over a wide
range for any given specimen due to moisture gradients in the

sample. The relationships of moisture-volume, moisture-
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strength, and moisture-conductance all show a sharp change in

rate at the fiber-saturation point. The advantage of the electri-

cal measurements is that very small specimens can be used, and

thus a more perfect distribution of moisture can be obtained*

\

Percentage of moisture

Fig. 2. ductaJice the

percentage of moisture. Tlie sudden break in the curve indicates the

fiber-saturation point, which was at 22.5 per cent moisture.

The fiber-saturation point reported here was obtained from
electrical conductivity measurements made by the method
introduced by Mycr and Rees^ and modified by Stamm
('29a). This method is known as the electro-conductivity

•Myer and Eees. 1926. Cited by Stamm ('29a).
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method. The results obtained by it are based upon the assump-

tion that the speciiic conductance of the wood varies directly

in proportion to the increase in moisture from the oven-dry

condition to the fiber-saturation point, where it ceases to in-

crease in proportion to additional moisture. Therefore, when
the logarithm of the specific conductance was plotted against

the percentage of moisture, a straight line was obtained up to

the fiber-saturation point, where it broke sharply to a curve

(fig. 2).

Measurements made by this method are subject to consider-

able error, and accordingly only averages of a great number of

individuals are of any value. The most outstanding variables

were polarization and moisture gradients caused by the pres-

ence of resins, Stamm (^29a) stated that ^^the effects of pos-

sible polarization were found to be negligible because of the

extremely low conductance measured." In these experiments

this was not found to be true
;

polarization was strong in all

cases, even with the lowest possible currents. Differences in

the lengths of the specimens used also caused considerable

variation in the conductance, even though they were kept

in sealed bottles for twelve hours or more. Accordingly,

the specimens used were kept as close to 1 mm, in length as

possible.

The fiber-saturation point of the three species of southern

yellow pine studied in these experiments was found to lie in the

neighborhood of 22.5 per cent moisture. When the averages

of smaller groups of data were plotted independently the fiber-

saturation point varied somewhat, and the best interpretation

that could be given to these results was 22.5 ± 1 per cent mois-

ture. This is within the range reported by Tiemann ( '06, '07)

and Wilson, Carlson and Luxford ('30), based upon bending

and compression strengths.

The ditf erence between species was w^ell within the range of

the individual variations of any given species, but a sufficiently

large number of individual measurements on the separate

species might show a consistent difference. This number
would necessarily be very great and on resin-free wood.



[Vol. 21

248 ANNALS OF THE MISSOURI BOTANICAL GARDEN

MOISTUEECONTENT

The moisture content of the test specimens was determined

from 1-iii. sections cut between the bending and compression

specimens, and from 2-in. samples cut from the compression

specimens. These sections were weighed immediately after

the test specimens w^re cut, dried to constant weight at 95-

100° C, and reweighed. In very resinous specimens these

determinations were subject to some error. Resinous ma-
terials tended to evaporate at temperatures around 100° C.

and occasionally the liquid resin dripped from the specimens

while in the oven.

Tests were made on material from four different conditions

of moisture: material just as it came from the green log, ma-
terial seasoned iu an open-air shed, material cured in the rela-

tively warm laboratory, and oven-dried material. Only the

tests made on green material and that seasoned in the labo-

ratory are reported here.

In trees 1 and 2 (Pinus Taeda), tested in the lab.-dry con-

dition, the material had been stored in the laboratory for about

a year, so it was very dry and for the most part of a uniform

'ree 1 averas'ed 7.1 Der cent moisture withmoisture n

from ed 7.3

from 5.5 to 11.1 per cent (table

In the green material little variation was found in the mois-

ture content of the heart wood in any one tree, regardless of

position. There were only a few specimens in the heartwood
of tree 4 that were in the range of the fiber-saturation point.

(See strength tables vii and viii for the moisture data.) The
average moisture content of the entire section has no particular
significance due to var3^ng amounts of sapwood and the sharD

moisture in heart- and samvood

ABSOLUTEDENSITY OF THE WOODSUBSTANCE

The absolute density of pine wood fiber as reported here is

the weight of a unit volume of the resin-free wood substance in

relation to the same volume of water at 4° C. Measurements
were made on sawdust by the pycnometer method at a constant
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temperature of 30° C. The sawdust was taken from various

positions in the tree and from each of the different species.

It was first dried and treated for some time in benzol, which

was kept warm in an oven, to extract the resin and other soluble

compounds. The benzol was then removed with alcohol and
the sawdust dried to constant weight at about 80° C. Next, it

was boiled for some time in water, and a vacuum of about 25 cm.

was applied at intervals to remove the air. This was continued

until the air was replaced by water and the bottle reached a

constant weight at 30° C. A range of values from 1.5156 to

1.5273 was found, with an average of 1.52 obtained by dropping
the last two decimal places. The absolute density of southern

yellow pine wood substance is thus given as 1.52.

Stamm ( '29b) reported the density of Pinus Taeda as 1.531

(pycnometer method) when he used water, and 1.466 with

benzol. Dunlop ( '14) reported a density of 1.6197 for Piniis

palustris by using acid and of 1.5060 with water, but since all

of his results varied considerably he suggested 1.54 as a mean
to represent in a rough way wood substance from all species.

PEECENTAGEOF EESIN

The percentage of benzol-soluble compounds designated as

resins was determined by the loss of weight of oven-dried saw-

dust after soaking it for some days in benzol. The sawdust was
taken from the compression and specific gravity specimens.

There was a certain relationship between the number of

resin ducts and the percentage of resin, but no consistent cor-

relation. The percentage of resin was greatest in the first 2 to

4 inches from the pith, often decreasing very sharply and then

increasing again in the outer sapwood (tables vn and viii).

Resin was also abundant in and around injuries and knots, but

it was often in localized areas where there was no sign of injury

or knots and no increase in number or size of resin ducts.

The percentages of resin reported here are in close agreement

with the results given by Gomberg ('93), who made a more
or less thorough study of the resin of Pinus palustris from
Alabama.
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SPECIFIC GRAVITY

The specific gravity was determined from 6-in. samples cut

from between the bending and compression specimens in trees

1-5 and from 2-iii. samples cut from the compression specimens

in trees 6 and 7. There was less variation in the density-

strength relations in the latter two trees. In the green material

the samples were weighed in air and in w^ater, dried to constant

weight and reweighed. The specific gravity was calculated

from the green volume and the oven-dry w^eight. The seasoned

specimens were weighed in air and in water as above, but the

sap pieces were reweighed in air, after being wiped off with a

cloth, in order to determine the change in weight due to absorp-

tion of water while submerged.

It was found that sapwood specimens absorbed from 3 to 10

per cent of water during the process of weighing. It can

readily be seen tliat the specific gravity thus obtained was sub-

ject to a certain amount of error. This error was diminished

by reweighing but it may still be sufficient to affect the density-

strength relations.

The presence of resin increased the specific gravity con-

siderably, and w^here the resin was in localized areas or pockets

the change in density was veiy sudden with no corresponding

change in strength. In the case of ver^^ resinous material, the

specific gravity was more than 0.1 too high, and in extreme

cases more than 0.2. Only the corrected values were used in

the interpretations of strength and structure in this paper.

Since the specific gravity of a particular specimen increased

with a decrease in moisture, due to shrinkage below the fiber-

saturation point, only specimens of about the same moisture

content should be compared. Since the fiber ceased to expand

with additional moisture above the fiber-saturation point,

specific gravity values for green wood were especially compa-

rable where they were corrected for resin.

The specific gravity in trees 1, 2, 3, 5, 6, and 7 decreased at a

more or less uniform rate towards the tor) of the tree, whereas

om bolt to boit. reachmir a maximum
dcrabh

h bolts e and /
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In trees 1, 2, and 7 the specific gravity increased from the pith

to the bark, whereas in trees 3, 4, and 6 the increase extended

over only the first 2 to 3 inches after which there was a

decrease towards the peripheiy. This condition was due to

the very slow growth of the latter trees. In tree 3, however,

this relation changed. The first samples around the pith had

the greatest density in the lower bolts, whereas the intermedi-

ate or outer specimens were the heaviest in holt h. In tree 5

the specific gravity increased from the pith to a maximum in

the outer part of the heartwood and decreased from this point

towards the bark.

The maximum and minimum specific gravity for the bolt

rarely occurred on the same side of the tree. In trees 1, 2, 3,

and 4 the greatest density was usually found in the closer-

ringed material, whereas in tree 5 it was found in the medium-

to broad-ringed material. In the latter case, however, the

narrow-ringed material was found on the outer portion of the

tree, and it is indicated that in general the tracheid length and

density reached a maximum at about the same time (between

40 and 100 years), which varied somewhat with the growth rate

of the tree. The material from the first 30 to 40 rings and the

outer sapwood of the older trees was lighter in all cases than

the material laid down during the 40- to 100-year period. It

is evident that the rate of growth and age of the tree are the

controlling factors determining the position of greatest density

in the cross-section of a given tree.

Structural Properties

BATE OF GEOWTH

By observing the relative number of growth rings per inch it

was found that the material represented in this study divided

itself into three natural divisions : trees 1, 2, and 7 (Pinus

Taeda) of very rapid growth, tree 5 (Pinus Taeda) and tree 3

(Pinus echinafa) of medium growth, and trees 4 and 6 (Pinus

palustris) of very slow growth (table i).

Trees 1, 2, and 7 grew more than three times as fast as trees

4 and 6 and twice as fast as tree 3. Therefore, the first test



252 ANNALS OF THE MISSOURI BOTANICAL GARDEN
[Vol. 21

Q

c

C

fc

C

•

cc

«
^

Ah

«^̂

1^

&
O fs-* ^^ C3 ;^

k.'^n:: o
cla

red
b-so

a;)

o
>^ s —

*

m

So
1 -"

O

K
1=1

o

u o

^ lZ ?^
00 CO

o

CD

!>

CO

m

CO

PI
cd
DO

::3

o o

CO

be O

o

00

O
C 5d

^

T3

a;

*C3

O

OJ

o
Q

"I
0) &

cc

OS
I-.

o

08

Sd
i-H

o

cc

o c3

^ ^3 CO

C/2 ro

r£l

13

O

o
DO

o «

O be

O
o

O
05

en

1^^

d
00

^ c5

o

o
02

OQ

03

c4

OQ

CO

o

^3 'O

03

• r-t '-'-<

c oU o

00
a;

^4

03 CO

a?

<H

CM

a

CO

rt

s

9. *S)

O

O

O
bo

a.

S

CO

00

g
5
ni CQ

(>3 g;

O

P.
o
en

00

o

o
00

Q bc

CO

Oi

tfl d
E o

'w rto >
O)

p^ 'S

<

O m

o
CC

a

on
o

H

o

d 2?

O

d
.r-(

T3
d
d
o

• Sd

CO

o
00

(-1

>

CO

^

o

.g

yH^

d
d
o
be

a
o

00

CO

>!,

QJ

o

CO

^

O

d

OS

in
UtK

to Ph

CO
CO
a:

Xi

CO

00

to

n:3 ^

c3 CD

OJ

O

o

a
a.

0^

d d

d

o
bJD

CO

eg

O

.9 ^
CO

• &
.5

tn

10

CO

-^

O

b«
d
d
o
bJD

a
00 £
1-i «H

CO

10

'2
*p.

cd

CO
Oi

^^

o

C/2

bC £

d cd

d^

a OJ
cd "^ ^
5

O)

cd

Pi be

^
o

cd

o
be

o
03

be
d

cd o



1934]

BERKLEY—STRUCTUREAND STRENGTHOF SOUTHERNPINE 253

specimens near the pith of trees 1 and 2 represented only three

to four years' growth, those of tree 5, six to fourteen, while

there were more rings in some of the first specimens of tree 4

and especially tree 6 than there were in the entire cross-sections

of trees 1, 2, and 7 (pi. 9). Trees 4 and 6 had from 10 to 44

rings per inch. This would give from 15 to 66 growth rings

for each 1^/^ x lV2-in. specimen. Since the growth was not

uniformly slow throughout the entire cross-section, there were

few test specimens that contained more than 50 growth rings.

The number of rings per inch is given in tables vii and viii.

Trees 1, 2, 5, and 7 (Pinus Taeda) were more or less sym-

metrical in outline with the pith near the center, thus giving ap-

proximately the same number of test specimens on each side.

Accordingly, there was little difference in the number of rings

per inch at a given distance from the pith either on the opposite

sides or at different levels.

Tree 3 (Pinus echinata) was slightly crooked and asym-

metrical. The pith was nearer the bark on the south and west

sides at the butt, whereas it w^as near the center of the log in

bolt h at about 30 feet from the ground. The rings on the nar-

row side were necessarily closer, and since the pith was not

straight it was impossible to cut an equal number of the speci-

mens on each of the four sides. The growth was somewhat

more rapid through the second and sometimes the third speci-

men in the lower bolts, and averaged about 8 rings per inch,

but out near the bark, especially on the south and west sides,

the growth decreased rapidly, giving about 15 to 20 rings per

inch.

Trees 4 and 6 (Pinus palustris) were also crooked, with the

pith off center. The h bolt in tree 4 and the a bolt in tree 6 were

asymmetrical. Trees 4 and 6 had only two or three medium-

width rings around the pith, after which the growth Avas ex-

tremely slow in the first 2 to 3 inches, except for a very few

rings which occurred in scattered groups. The growth was
somewhat more rapid in the outer part of the heartwood and in

the sapw^ood towards the top of the tree.

These trees were characterized by periods of alternately
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slow and more rapid growth. While the entire tree would be

considered to have slow growth, the rate changed at intervals

from about 20 rings per inch to more than 40 rings and back to

15 or 20 without following any particular pattern. Moreover,

the width of ring varied greatly on opposite sides of the tree.

Therefore, pieces taken at a given distance from the pith on
opposite sides were not always matched specimens ; one speci-

men may have been formed as much as forty years after the

other, Tlie broader rings often contained a certain amount of

compression wood.

SUMMERWOOD

The percentage of summer wood was estimated macro-

scopically when the specimens were measured for testing. In

the samples in which the resin ducts and shape of fiber were

studied, the summer wood was measured under the microscope.

Since in general the estimated values were found to be either

too high, as in the specimens containing more than 50 per cent

summer wood, or too low, only the percentage of summer wood
obtained by microscopic measurements are reported here.

The first 2 to 5 rings of the tree usually contained very little

summer wood. There was no sharp demarcation between early

and late wood, and it was not uncommon for the first ring to be

entirely without thick-walled cells such as were found in the

summer wood farther from the pith. One was compelled to

set an arbitrary limit on the spring and summer wood in such

cases, since the cells were progressively smaller and thicker-

walled towards the outer part of the ring. In some trees poor
differentiation occasionally occurred in annual I'ings far from
the pith. This was particularly noticeable in trees 1 and 2

(Pinus Taeda) where a largo percentage of compression wood
was found.

In the young rapid-growth trees 1, 2, and 7 (Pinus Taeda),
the percentage of summer wood increased from the pith to the

periphery whereas in the older and slower-growing trees 3

(Pinus echinata), 4 and 6 (Pinus palu^tris), and 5 (Pvnus
Taeda) it reached a maximum some distance from the bark and
then decreased. (Mohr and Roth, '97, found this to be true of
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all old trees.) In the close-ringed trees a maximum of summer
wood was often reached within the first 2 to 3 inches of the pith,

with little variation over the rest of the cross-section.

The percentage of summer wood varied a great deal with.

height in the tree. Trees 1 and 2, representing vigorous-growth

Pinus Taeda, averaged nearly twice as much summer wood at

the butt as at a point 30 feet higher. In the slower-growing

trees 3 (Pinus ediinafa) and 6 (Pinus palustris), the decrease

was not so rapid, and in tree 4 (Pinus palustris), the percent-

age of summer wood decreased progressively but not uniformly

from butt to top.

The '' average" percentage of summer wood may be mis-

leading in rapid-growth trees, since in a given cross-section

considerable areas near the pith had as little as 15 per cent

summer wood whereas only a few inches farther out there was
often 60 per cent or more. Furthermore, the density of sum-

mer wood varied in the individual trees and particularly in

trees of different species, as will be discussed in detail later.

SIZE ANDDISTRIBUTION OF THE RESIN DUCTS

Resin ducts are canal-like intercellular spaces surrounded

by parenchyma cells. The cells immediately around them,

known as epithelial cells, were thin-walled and were more or

less equilateral. The succeeding cells radiating from the resin

ducts had increasingly thicker walls and became elongated

until they blended into the tracheids. It was not uncommon
for septate tracheids to occur in this transition zone.

Table ii shows the size and distribution of the resin ducts

both as to height and to distance from the pith in the tree. The
samples for study were taken from the specimens used for the

compression tests.

There was no attempt to determine the lengths of the longi-

tudinal resin ducts which were distributed throughout the

xylem. They were more abundant immediately around the

pith, especially in the first 5-10 annual rings. The first ring

often contained as many as 500 resin ducts, while farther out

towards the periphery of the stem they were most numerous

in the regions of transition from spring to summer wood and
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TABLE II

THE SIZE ANDDISTKIBUTION OF THE RESIN DUCTSANDTHE PERCENT-
AGE OF AREAOCCUPIEDBY THEM. THE PERCENTAGEOF SUMMER
WOODIS GIVEN IN TABLESVH ANDVIII

Specimen

Number of resin

ducts per sq. cm.

spring wood summer wood

Mer
diameter
in mm.

Percentage
of area of

cross-section

laN2

Tree 1

—

Piniu^ Taeda (loblolly pine)

33

laN4 6

laN6 1

laN7 2

laN8 2

ldN2 43

ldN4 2

1(1 N6

lhN2 34
lhN4 41
lhN6 6

64 0.20 1.32

79 0.22 1.61

58 0.23 1.68

48 1.62

54 0.24 1.89

52 0.19 1.25

70 0.21 1.10

55 0.23 1.05

86 0.20 1.26

63 0.22 1.82

72 0.23 1.24

Tree 5

—

Pinus Taeda (loblolly pine)

5bNl 45
5bN3 53
5bN5 53
5bN7 50
5bN9 46
5bNll 40
5bN13 8

«

5bN15 17

Tree 2

—

Pinus Taeda (loblolly pine)

2aN2 54 71 0.20 1.86

2aN4 34 70 0.22 2.08

2aN5 25 50
1

1

1.65

2aN6 15 42 0.23 1.32

2aN8 8 47 0.24 1.47

2aNl
1

54 85 2.05

2dN"2 38 57 0.21 1.51

2dN4 26 51 0.23 1.58

2dN5 28 45 1.61

2dN6 23 39 0.24 1.40

2dN8 17 43 0.25 1.47

2hNl 69 85 2.50

2hN2 34 58 0.21 1.34

2hN"3 35 72 1.85

2hN4 38 60 0.23 1.85

2hN5 36 58 1.95

2hN6 35 43 0.24 1.71

2hN8 27 49 0.24 1.70
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TABLE II (Continued)

Specimen

Number of resin

ducts per sq. cm.

spring wood | summer wood

Mean
diameter
in mm.

Percentage
of area of

cross-section

Tree 5 (Continued)

5iNl 40 72 0.19 1.31

5iN3 29 42 0.21 1.14

5iN5 15 52 0.22 1.17

51X7 29 28 0.23 1.19

5iN9 20 43 0.23 1.22

5iNH 9 39 0.23 0.92

5iN13 17 95 0.22 1.67

5qNl 40 52 0.19 1.19

5qN3 33 37 0.20 1.18

5qN5 27 46 0.21 1.12

5qN7 23 57 0.23 1.42

5qN9 9 75 0.23 1.25

SqNll 17 106 0.22 1.61

Tree 7—Pi 'mis Tacda (loblolly pine)

7aNl 17 76 0.20 1.12

7aN3 21 50 0.22 1.20

7aN5 21 34 0.25 1.29

7aN7 13 38 0.25 1.25

7gNl 21 44 0.21 1.03

7gN3 20 41 0.22 1.07

7gN5 11 48 0.23 1.12

7gS7 16 52 0.23 1.31

7mISri 23 35 0.21 0.92

7iiiN3 9 58 0.23 1.18

7mN5 11 51 0.24 1.37

7mS7 16 50 0.23 1.29

Tree 3

—

Pi/nus echvnata (shoi tleaf pine)

3aNl 18 30 0.19 0.69

3aN'2 38 48 1.24

3aN3 23 19 0.20 0.66

3aN4 24 22 0.72

3aN5 33 26 0.20 0.91

3aN6 15 28 0.73

3aN7 30 28 0.21 1.00

3aN8 19 22 0.71

3aN9 30 26 0.21 1.00

3aN10 30 26 0.97

3dNl 24 43 0.19 0.89

3dN3 23 22 0.20 0.71

3dN5 29 30 0.20 0.92

3dN7 19 21 0.21 0.69
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TABLE II (Continued)

Specimen

3hNl
3hN2
3hN3
3hN5

Number of resin

ducts per sq. cm.

spring wood summer wood

Mean
diameter
in mm.

Tree 3 (Continued)

Percentage
of area of

cross-section

0.70

0.89

0.52

0.57

Tree 4

—

Finns palustris (longleaf piiie)

4aN2 19 67
1

0.19 1.07

4aN4 27 45 0.20 1.10

4aN6 27 45 0.21 1.21

4aN8 37 39 0.22 1.34

4cNl 27 67 0.20 1.08

4eN2 35 69 1.22

4cN3 27 63 0.21 1.27

4cN5 36 34 0.22 1.17

4hNl 33 23 0.19 1.15

4hN"2 25 44 0.85

4hN3 28 49 0.22 1.06

4hN4 26 47 0.96

Tree 6

—

Pinus palustris (Ion Dfleaf piue)

6aNl 18 78 0.20 1.45

6aN3 14 31
1

0.23 0.90

6aN5 29 50 0.25 1.82

6aS7 41 0.25 1.41

6oNl 43 92 0.20 1.69

6eN3 27 62 0.22 1.51

m

i

6eN5 20 56 0.23 1.32

6iNl 38 53 0.20 1.32

6iN3 24 45 0.22 1.07

6iN5 33 47 0.24 1.65

r

in the summer wood, with very few in the first part of the

spring wood. This was particularly noticeable in the broad-

ringed material (pi, 10, fig. 1). Resin ducts were often aggre-

gated in false rings and occasionally formed a definite band

near the middle of the spring wood rings. In narrow-ringed

material the resin ducts were scattered promiscuously
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throughout the annual ring, but, with the exception of certain

specimens in Pinus echinata, they were more numerous in the

summer-wood portion.

The mean diameter of the resin ducts increased from the

pith towards the periphery of the stem, reaching a maximum
near the outer sap-wood, but occasionally it decreased slightly

in the last-formed rings in the older trees. The greater num-

ber of resin ducts in the first and last rings was quite marked

in tree 5.

The percentage of cross-sectional area taken up by resin

ducts was slightly greater in the rapid-growth Pinus Taeda

than in the other species. In Pinus Taeda the area taken up

by them increased in the summer-wood portion of the ring

towards the periphery of the stem and decreased markedly

the spring wood in the same direction, whereas in Pinus pah

and in Pinus echinata there In

ber

were smaller and fewer in num
On the whole there was less thai

1 per cent of the cross-sectional area taken up by them. In

the summer wood of Pinus palustris and Pinus Taeda, how-

ever, it was not uncommon for more than 2 per cent, and for

small areas as much as 3 per cent, of the area to be occupied

by resin ducts.

In general, the mean diameter of the resin ducts was slightly

greater in the spring wood than in the summer wood, although

the diameters in the tangential direction were frequently

greater in the summer wood, where the resin ducts were often

aggregated in rows of from 2 to 5 (pi. 10, fig. 2). This was

particularly true of Pinus Taeda, where the aggregations

were occasionally about 1 mm. in width. Such groups also
F

occurred in the sDrinar wood but they were much less common.
/ evidence of

of these erroups of resin duct

Chere was no consistent relationship between the number of

in ducts and the height of the tree. However, as a whole

mean diameters of the resin ducts, and thus the area taken

by them, were greatest in the lower bolts. They decreased

rhtlv throuarh the middle portion of the tree and usually in-
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creased again near the top. This condition, however, was
often reversed in individual specimens from the outer portion

of the tree.

Areas of parenchyma cells occurred, other than those around
the resin ducts, which areas contained secretory or resin cells.

The greater number of them were thick-walled. These areas

of parenchyma cells w^ere more common in the spring wood and
occurred in all three sDecies.

SIZE ANDDISTRIBUTION OF THE WOODKAYS

The significance of the wood rays in relation to the structure

and strength of wood attracted the attention of Nordlinger

('60), and in 1881 he published his findings on the number of

rays per mm. foi- a number of hard woods and noted the nu-

merous small rays in the conifers.

Essner ( '82) studied the distribution and height of the ravs
in various species of conifers. He found little or no ditference

in the number of rays on the narrow side of trees caused by un-

equal growth rate, but did observe that certain specimens of

Cupressus sempcrvirens of symmetrical growth had 83 rays
per mm. on one side as compared with 62 on the opposite side.

The height of the rays increased from the pith to the bark.

Jaccard ('15) studied the rays at the various levels in the

tree and in the branches of Sequoia and Picea. In the main
stem or trunk the rays decreased in number from a maximum
at the base to a minimum within the lower part of the trunk
and again increased towards the top of the tree. They were
more numerous but smaller in the branches where the greatest

number was found in the areas of compression wood on the

decreased in num-
Myer ('22) reported

side. He (

b

ray volumes of a large number of American woods and pointed
out that the hard woods had a much greater ray volume than
the conifers, an average of 17.04 and 7.08 per cent, respec-

tively. The ray volumes for the southeni pines were 7.63 per
cent for Pinus Taeda, 8.05 per cent for Piniis echinafa, and
8.30 per cent for Piiius palustris. In summarizing his results,

Myer ( '30) stated that the ray volume of white pine, hemlock.
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and sugar maple was greatest at the top of the merchantable

log and second greatest at the stump level, while a reduction

was found at the 16-ft. level. His observations as recorded in

the paper, however, show the maximum at the stump level. If

the latter is the correct conclusion, it agrees with other work.

There was no consistent relationship between the ray volume
and the different sites from which the trees were cut. The ray

height in the sugar maple was least at the stump level but its

width was greatest at this point. Myer's ('30) observations

on the effects of the site do not agree entirely with those of

Hartig ( '01) on the oak. The latter found a greater ray vol-

ume in the plants grown in the open and an increase in ray

volume if shaded plants were suddenly given full illumination.

Forsaith ('20) found a reduction of rays in certain alpine

forms, and Shope ( '27) found that the size of the ray cells, as

well as other cells, increased in the aspen at higher elevations.

Harlow ( '27) was unable to find any consistent variations in

the ray volume of plants from different sites. He observed,

however, that it was greater at the base of the tree. There was
a great variation in the size, type, and distribution of rays in

the different species of hard woods, depending upon their ages,

according to Zache ( '86), Hartig ( '94), and Eames ( '10).

It is evident that there is not sufficient data to draw any re-

liable conclusions as to the size and distribution of wood rays

due to environmental conditions or their effects on strength,

but it is universally agreed that the ray volume of conifers is

greatest in the butt of the tree and least in the main trunk at a

height of 20 to 40 feet.

In this investigation the wood rays of southern pine were
found to be largely of the linear (uniseriate) and fusiform

(multiseriate) t}^es. The latter contained solitary lateral

resin ducts. Occasional biseriate rays were observed, but

these were rare and of little significance in this study. The
area of the rays was determined by taking two-thirds of the

area of a circumscribed parallelogram based upon the mean
height and breadth of the rays in a given specimen.

The study was made on tangential sections mounted in Can-

ada balsam, and the measurements were made by means of a
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micrometer eyepiece. The number per mm. was determined

by taking tlie average from 100 to 400 sq. mm. This was made
possible by using a cover glass on which fine lines were etched

at a distance of about 0.8 mm. The number of rays between

the lines could bo accurately counted for the entire area of a

large section, since the lines were sufficiently transparent to

allow the counting of rays beneath them.

Fusiform Rays. —The width (lateral diameter), the height

(longitudinal diameter), the distribution of the fusiform rays,

and the percentage of area occupied by them is given in

table III. The width of these rays varied from about 0.05 mm.
to about 0.08 mm. They were smaller near the pith and

reached a maxinnim near the periphery of the stem. There

was little difference in the breadth of the rays in the different

species. The height of the fusiform rays, in most specimens,

tended to decrease from the butt of the tree towards the top,

reaching a minimum through the middle portion of the tree.

In tree 7 (Pinus Taeda), however, it increased slightly from
the base to the top.

The fusiform rays were more or less constant in number at

the different heights in the tree, but they decreased veiy mark-

edly from the pith towards the periphery of the stem at all

levels studied. However, since the number per unit area often

varied more than 100 per cent in local areas, it was necessary

to study a number of sq. cm. in order to get a reliable average.

In laNG (table in) there was an average of 83 fusiform rays

per sq. cm,, and in certain sections taken at this point there

were more than 1 00 per sq. cm.

Fusiform rays were more abundant in Pinus Taeda than in

either Pinus palustris or Pinus echinafa, but there was no pro-

nounced difference in the height of these rays in either species.

There was no indication of a fixed pattern or sequence of oc-

currence in any of the species. They were scattered through-

out, but occurred occasionally in groups.

Linear Rays. —The linear rays were very numerous in the

first growth ring, where there were from 70 to 120 minute rays

per sq. mm. immediately adjacent to the pith. They were
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TABLE III

THE SIZE AND DISTRIBUTION OF THE FUSIFORM RAYS

Specimen

lhN2
lhN4
lhN6

Ave,

Approximate
number of

rings from
the pith

Number of

rays per

sq. cm.*

Mean
width

in mm,

Mean
height

in mm.

Tree 1

—

Finns Taeda (loblolly pine)

laN2 3 71

laN4 16 50
laN6 34 83

laN8 45 38

Ave. 60

ldN2 3 76

ldN4 13 50
ldN6 30 47
ldN8 40 45

Ave. 55

0.061

0.063

0.068

0.075

0.066

3

11

25

43

38
38

40

0.060

0.059

0.062

0.073

0.343

0.436

0.428

0.521

0.432

0.063

0.062

0.067

0.070

0.066

0.350

0.422

0.422

0.504

0.425

0.359

0.398

0.500

0.419

Percentage of

area occupied by
fusiform rays

0.99

1.02

1.61

0.99

1.15

1.25

0.84

0.82

1.10

1.00

0.64

0.72

0.89

0,75

Tree 2

—

Finns Taeda (loblolly pine)

2aN2 3 57 0.060 0.328 0.75

2aN4 10 38 0.063 . 0.462 0.73

2aN6 20 30 0.072 0.537 0.78

2aN8 35 31 0.066 0.514
1

0.70

Ave. 39 0.065

1

0.460 0.74

2dN2 3
1

56 0.078 0.393 0.77

2dN4 10 35 0.055 0.410 0.54

2dN6 19 39 0.058 0.400 0.60

2dN8 30 31 0.066 0.500 0.67

Ave. 40 0.062 0.427 0.65

2h]Sr2 3 59 0.055 0.250 0.76

2hN4 10 38 0.067 0.379 0.65

2hN6 17 35 0.063 0.470 0.73

2hN8 28 30 0.067 0.484 0.65

Ave. 41 0.063 0.396 0.70

Note that the number of fusiform rays is given in sq. cm.
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TABLE III (Continued)

Specimen

Approximate
number of

rings from
tho pith

7aNl
7aN3
7aN5
7aN7
7aN9

Ave.

7gNl
7gN3
7gN5
7gN7

Ave.

7mNl
7mN3
7mN5
7mN7

Ave.

Number of

rays per

sq. em.*

Mean
width

in mm.

Mean
height

in mm.

Tree 5

—

Pinus Tacda (loblolly pine)

5bNl
5bN7
5bNl-5

10

46

125

54
37
26

0.063

0.076

0.075

0.328

0.487

0.744

Ave. 39 0.071 0.519

5iNl
5iN7
5iN13

6

40

105

67
34
28

0.065

0.077

0.069

0.312

0.434

0.577

Ave. 43 0.070 0.441

5qNl
5qN5
5qNll

4
27

88

58

39

34

0.057

0.068

0.073

0.288

0.488

0.522

Ave. 44 0.066 0.433

Tree 7

—

Pinu^ Tacda (loblolly pine)

0.330

0.368

0.373

0.402

0.414

0.377

0.367

0.372

0.371

0.410

0.380

Note that the number of fusiform rays is given In sq. cm.

Percentage of

area occupied by
fusiform rays

0.75

0.91

0.97

0.87

0.91

0.74

0.74

0.79

0.63

0.86

0.86

0.78

0.73

0.69

0.77

0.79

0.63

0.72

0.63

0.63

0.59

0.60

0.61

0.321 0.85

0.423 0.93

0.459 0.88

0.485 0.89

0.422 0.89
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TABLE III (Continued)

Specimen

Approximate
number of

rings from
the pith

Number of

rays per

sq. cm,*

Mean
width

in mm.

Mean
height

in mm.

Percentage of

area occupied by
fusiform rays

Tree 3

—

Finns echinata (shortlcaf pine)

3aNl 12

1

32 0.057 0.474 0.57

3aN3 35 43 0.059 0.485 0.82

3aN5 59 33 0.061 0.497 0.67

3aN7 84 32 0.065 0.532 0.74

3aN9 108 28 0.068 0.550 0.70

Ave. 36 0.062 0.507 0.70

3dNl 16 30 0.057 0.400 0.46

3dN3 44 28 0.059 0.430 0.47

3dN5 70 28 0.063 0.482 0.57

3dN7 98 27 0.068 0.504 0.61

Ave. 28 0.062 0.454 0.53

3hNl 12 44 0.057 0.370 0.63

3hN3 35 28 0.063 0.389 0.46

3hN5 61 27 0.068 0.410 0.50

Ave. 33 0.062 0.389 0.53

Tree 4

—

Piniis palustris (longleaf pine)

4aN2 36 43 0.054 0.335 0.52

4aN6 122 31 0.063 0.474 0.67

4aN8 150 31 0.071 0.614 0.90

Ave. 36 0.062 0.474 0.66

4dNl 40 39 0.061 0.441 0.71

4dN3 103 33 0.068 0.497 0.74

4dN5 145 28 0.073 0.543 0.69

Ave. 33 0.067 0.493 0.71

4hNl 21 36 0.068 0.368 0.50

4hN3 67 30 0.071 0.428 0.61

4hN5 110 30 0.075 0.489 0.73

Ave. 32

1

0.071 0.425 0.65

* Note that the number of fusiform rays Is given In sq. cm.
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TABLE III (Continued)

Specimen

Approximate
number of

rings from
th pith

Number of

rays per

sq. cm.*

Mean
width

in mm.

Mian
height

in mm.

Percentage of

area occupied by
fusiform rays

Tree 6

—

Pinus palustris (longloaf pine)

6aNl 43 31 0.056 0.372

6aN3 67 26 0.066 0.389

6aN5 106 27 0.070 0.480

6aN7 142 28 0.072 0.480

Ave. 28 0.066 0.480

6eNl 25 28 0.053 0.348

6eN3 75 33 0.057 0.427

6eN5 115 25 0.069 0.406

Ave. 29 0.060 0.394

6iNl 28 30 0.059 0.342

6iN3 72 28 0.071 0.415

6iN5 112 28 0.066 0.474

Ave. 29 0.065 0.410

0.35

0.48

0.62

0.65

0.52

0.34

0.52

0.46

0.44

0.42

0.57

0.61

0.53

* Note that the number of fusiform rays is given in sq. cm.

naturally very small at this point, being only about 0.08 mm. or

less in height. As the stem increased in diameter the rays

were separated more and more, new ones originating with the

additional tiers of tracheids. Since the number of rays did not

increase so rapidly as the diameter of the stem, there was

only about one-fourth to one-sixth as many rays per sq. mm.
in the outer portion as near the pith.

The decrease in number of rays was not uniform in all speci-

mens nor all portions of a given specimen. At certain areas

in the tree marked only by a sudden change in growth rate,

there was a temporary increase in number of rays which was
followed by the usual rate of decline.

Table iv gives the number of linear rays per sq. mm., their

mean heights and breadths, and the a^jproximate area taken

up by them in the different portions of the tree as indicated.

Since the size of the rays often increased more rapidly than

the number decreased, in many bolts the area occupied by them
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/

was greatest in the outer portion of the tree. This was true

of all three species studied.

The breadth of the rays increased centrifugally only

slightly, from about 0.022 to 0.028 mm. The height increased

more or less rapidly, attaining an average of more than 0.2 mm.
in certain trees, although individual rays were occasionally

1 mm. or more in height in Pinus Taeda.

The number of rays was practically constant for a given

area at different heights in the tree, except in the butt where

there were a few more. Their breadth was also reasonably

uniform throughout the tree, but the height decreased slightly
r

from the stump level through the middle portion of the trunk,

with a second maximum in the region of the crown. For this

reason the area taken up by the rays was greatest at the base

and least at about the 30- to 40-ft. level.

The linear rays, like the fusiform, were more numerous at a

given distance from the pith and slightly larger in the speci-

mens of Pinus Taeda than in either Pinus palustris or Pinus

echinata, the latter of which had fewer and smaller rays. If,

however, the age of the tree were taken into consideration,

Pinus echinata and Pinus palustris had a greater number of

rays than did Pinus Taeda due to the narrow rings near the

pith.

Tables vii and viii show that Pinus echinata had a lower per-

centage of area occupied by resin ducts and wood rays than

Pinus palustris, and that Pinus Taeda had a greater percent-

age than the other two. It was unfortunate that there was
only one tree of Pinus echinata available for study, since there

were certain variations shown in the different trees of the

other two species. Furthermore, tree 3 grew on a north slope

where it was probably shaded a good part of the time, which,

according to Hartig's ('01) observations, would account for

the smaller number of rays.

There were only slight variations in number or size of linear

rays on opposite sides of a given tree, but areas containing a

large amount of compression wood had somewhat broader

rays and a greater number of both fusiform and linear rays,

which increased the ray volume somewhat.
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TABLE IV

THE SIZE AND DISTRIBUTION OF THE LINEAR RAYS

Specimen

2aNl
2aN3
2aN5
2aN7

2dNl
2dN3
2dN5
2dN7

2hNl
2hN3
2hN5
2hN7

5bNl
5bN7
5bN15

5iNl
5iN7
5iN13

5qNl
5qN5
SqNll

Appoximate
number of
rings from

the pith

I

Number of

rays per
sq. mm.

Mean
width

in mm,

Mean
height

in mm.

Tree 1

—

Pinus Taeda (loblolly pine)

Tree 2

—

Pinus Tacda (loblolly pine)

Tree 5

—

Pinu^ Taeda (loblolly pine)

Percentage of

area occupied

by linear rays

laNl 3 32 0.023 0.161 7.93
laN3 16 29 0.024 0.168 7.80
laN5 34 28 0.025 0.182 7.80
laN7 45 28 0.026 0.191 9.26

IdNl 3 30 0.022 0.172 8.10
ldN3 13 25 0.023 0.174 7.10
ldN5 30 24 0.025 0.186 7.50
ldN7 40 OO 0.026 0.190 7.50

IhNl 3 26 0.023 0.180 7.35
lhN3 11 24 0.026 0.182 7.13
lhN5 25 22 0.026 0.190 7.14

0.024 0.167 8.00

0.026 0.170 7.93

0.026 0.204 9.20

0.027 0.194 8.72

0.024 0.159 7.25

0.025 0.165 7.27

0.026 0.184 8.05

0.027 0.198 8.92

0.025 0.161 7.60

0.026 0.164 7.23

0.026 0.169 7.12

0.027 0.207 9.10

0.022 0.160 6.15

0.025 0.186 7.60

0.025 0.244 8.75

0.022 0.150 5.43

0.024 0.170 7.02

0.026 0.194 7.00

0.023 0.160 5.55

0.026 0.200 9.74

0.025 0.198 7.20
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TABLE IV (Continued)

Appoximate Number of Mean Me.n.n Percentage of

Spocimen number of
9 jft

rays per width height area occupied
rings from sq. mm. in mm. in mm. by linear rays

the pith
A. 9f

™

Tree 7

—

Finns Taeda (loblolly pine)

7aNl 5 31 0.023 0.155 7.25

7aN3 15 30 0.023 0.168 8.37

7aN5 -26 29 0.024 0.171 8.17

7aN7 40 25 0.024 0.173 7.02

7aN9 56 26 0.024 0.162 6.90

7gNl 4 30 0.023 0.141 6.46

7gN3 13 27 0.023 0.158 6.45

7kN5 25 26 0.024 0.153 6.54

7gN7 39 28 0.024 0.127
1

5.74

7mNl 4 30 0.023 0.149 6.65

7mN3 13 28 0.024 0.151 6.67

7mN5 26 27 0.024 0.150 6.55

7mN7 40

1

29 0.024 0.151 7.15

Tree 3

—

-Finns echinata (shortleaf pine)

3aNl 12 25 0.023 0.145 5.30

3aN3 35 24 0.023 0.148 5.44

3aN5 59 23 0.023 0.153 5.37

3aN7 84 22 0.024 0.160 5.63

3aN9 108 21 0.025 0.166 5.80

3dNl 16 25 0.022 6.140 5.14

3dN3 44 24 0.023 0.145 5.35

3dN5 70 23 0.024 0.157 5.76

3dN7 98 22 0.024 0.160 5.62

3hNl 12 26 0.022 0.143 5.45

3hN3 35 24 0.023 0.149 5.50

3hN5 61 21 0.024 0.158 5.31 •

1

Tree 4

—

Finns patustris (longleaf pine)

4aN2 36 24 0.023 0.151 5.94

4aN6 122 24 0.024 0.159 6.50

4aN8 150 23 0.026 0.167 7.05

4dNl 40 25 0.024 0.152 5.95

4dN3 103 24 0.024 0.154 6.04

4dISr5 145 23 0.026 0.158 6.11

4hNl 21 24 0.023 0.148 5.30

4hN3 67 24 0.024 0.151 5.47

4hN5 110 23 0.024 0.152 5.60
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TABLE IV (Continued)

Appoximate
1 J*

Number of Mean Moan Percentage of
Specimen number of

rings from
the pith

rays per width height area occupied
sq. mm. in mm. in mm. by linear raya

Tree 6

—

Finns palustris (longleaf pine)

6aNl 43 28

1

0.022 0.141 5.79
6aN3 67 25 0.023 0.154 5.90
6aN5 106 23 0.024 0.208 7.64
6aN7 142 23 0.025 0.195 7.46

6eISri 25 27 0.021 0.145 5.45
6eN3 75 24 0.022 0.145 5.18
6eN5 115 23 0.024 0,168 6.50

6iNl 28 25 0.021 0.143 5.61
6iN3 72 24 0.023 0.159 5.76
6iN5 112 23 0.024 0.202 7.80

TRACHEID DIMENSIONS

The lengtli of the tracheids in coniferous wood varies with
the age of the tree at the time the cells are formed. Sanio ( '72)

found that in Pwus sylvestris the tracheids increased in length
from the first ring to a maximum in tlie 45th rins:, after which

emained const This led him to believe that the

of the cell had a fixed relationship to the asre of the tree, but
this has been Droved Mell ('10) observed that the
wood fibers were longest, for any given annual ring, in rapid-
growth trees. Bailey and Shepard ('15) noted that in certain

species of conifers the length of the tracheids increased from
the inner portion of the secondary xylem up to a certain age,
after which it Ihictuated. No constant length of tracheids was
found. In addition, Gerry ( '15) found that the fiber length in-

creased from the butt towards the crown for about two-thirds
of the height of fibers

were in the first spring-wood cells and the shortest in the
summer-wood Gerry
able to find any correlation between fiber length and rate of
growth in Douglas fir, but noted a rapid increase in all dimen-

of the fiber in the first twenty years of Lee
Smith ('16), on the other hand, found that in Doufflas fir th
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longest fibers in a given ring were in the summer wood.

Further study on the fiber length of different species was made
by Bailey and Tupper (18), Kribs ('28), and Gerrj^ ('29).

MacMillan ( '25) found that there was a greater percentage of

short fiber in red spruce grown under suppressed conditions

than in that grown in free, which agrees with the findings of

Mell.

In this study, the tracheids were prepared for measuring by

first macerating them (Jeffrey method) and then teasing them
apart on the stage of a compound microscope. Measurements
were made by means of a micrometer eye-piece. Each figure

shown in tables vii and viii is the average of 200-500 tracheids.

The tracheids w^ere very short in the first ring around the

pith, with an average length of 1.5 mm. or less. Their length

increased rapidly through the first 5 to 10 rings and more
gradually for the remainder of the growth of the tree or at

least until the tree reached the age of 100 years or more. No
maximum length was determined in this material.

In a given tree the length of the tracheids was dependent
upon the number of years of growth and not upon the distance

from the pith; therefore, in broad-ringed material they were
shorter at a given distance from the pith than in the narrow-
ringed material. This was very outstanding in the different

trees used in this study. In trees 1, 2, and 7, and somewhat in

tree 5 (all Pinus Taeda), the rings were broad near the pith

and for some distance out, whereas in tree 3 (Pinus ecliinata)

and particularly in trees 4 and 6 (Pinus 'palustris) the rings

were very narrow. Consequently, the average length of the

tracheids in the first test specimen near the pith in trees 3, 4,

and 6 w^as as great as it was in the second or third specimen
from the pith in trees 1, 2, 5, and 7. The tracheids represent-

ing approximately the same year's growth were slightly longer

in the rapid-growth Pinus Taeda than in the other species.

At the successively higher levels in the tree, the tracheids

increased in length more rapidly from the pith to the bark.

The result was that the average length for the cross-section

tended to increase towards the top of the tree. The tracheids

in a given*ring increased in length towards the top, especially

for the first few feet from the butt.
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Groups of short traclieids were often found throughout the

cross-section of the tree, particularly in the spring wood which

usually contained the longest ones. Where the short tracheids

occurred, there was frequently a diiference of as much as 100

per cent in their lengths. Therefore, the average length of the

summer wood tracheids was usually greater than that of the

spring wood. Crooked tracheids and areas of compression

wood usually had a crreater variation in lensrth than material

6 •=^^"^6 tracheids with concentric laminae

In trees 1, 2, and 7 (Pinus Taedajy which were of about the

same age and growth rate, the tracheid length was approxi-

mately the same for a given position. The average length of

the tracheids for the various levels represented by the speci-

mens is given in tables vii and viii. The slight differences

found on the opposite sides of the tree were insignificant. In
tree 5 (Pinus Taeda) the somewhat narrower rings were cor-

related with a more rapid increase in length of tracheids from
pith to periphery, especially in bolts i and g. In this tree the

average length was 5 mm. or more in the outer specimens ex-

cept in bolt b which was from the butt log.

Tree 3 (Pinus ecJiinata) had approximately the same length

tracheids for a given growth ring as trees of Pinus Taeda, but

the rings were much narrower; therefore, the average length

in the first test specimens near the pith was approximately

4 mm. It is evident that these test specimens contained a large

percentage of tracheids which were 4.5 mm. or more in length,

since those of the first rings were very short.

Trees 4 and 6 (Pinus palustris) had somewhat shorter

tracheids for a given ring than the Pinus Taeda trees studied,

but the average length for a given specimen was greater due
to the ver>^ slow growth.

The mean diameter of the tracheids increased with the in-

crease in length. The diameter of the spring-wood tracheids

was from one-third to one-half greater than those of the sum-
mer wood. The maximum diameters obser\^ed for the spring
wood tracheids of Pinus Taeda were about O.OG mm. in the first

2 or 3 rings to about 0.085 mm. in the outer part of i\\Q trees.

For corresponding positions in the tree, Pinus' ecliinata
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showed an increase from about 0.06 to 0.072 mm., and Pinus

palustris from 0.05 to 0,07 mm. In tlie summer wood of Pinus

Taeda the maximum diameters increased from about 0.04 mm.
in the first rings to about 0.052 mm. in the outer part of the

trees, in Pinus echinata from about 0.04 to 0.049 mm., and in

Pinus palustris from about 0.032 to 0.044 mm. The average

diameter was somewhat lower in all cases and increased in

about the same ratio, but since the tracheids tapered from near

the middle towards either end, it was very difficult to determine

the average diameters. To give a true value it would be neces-

sary to isolate the cells and measure them at a given point but

the large numbers necessary for a significant figure made this

impractical. A cursory study showed that the average diam-

eter of the tracheids increased from the base of the tree to-

wards the top, at least for the first few feet. Since the wood
rays and resin ducts vary within small limits, the thickness of

the cell walls was best reflected in the specific gravity. There-

fore, it was considered unnecessary to make a statistical study

of them.

TEACHEID IREEGULARITIES

The length of the tracheids, as stated above, had a definite

relation to their age and position in the tree, while the differ-

ences in general contour of the cells and the thickness of the

cell walls were more or less correlated with the spring and

summer wood. On the other hand, the tracheids varied greatly

in degree of straightness with little relation to position in the

tree. In general, they were straighter in the upper and outer

portions, but this relation did not hold for all trees or for all

positions in a given tree. Areas of crooked tracheids occurred

in any portion of the tree, and were common in the butt bolts

and the first rings around the pith. Crooked tracheids occur-

red characteristically in compression wood but also around

knots, adventitious buds, leaf traces, injuries, and in the other-

wise clear wood.

Crooked tracheids can usually be detected by the irregu-

larity of the rupture when small slivers are split from the spec-

imen, by a rough or splintery surface in dressed material
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(especially in material of high density), and by a waviness in

the annual rings or a curly grain. Crooked tracheids must not

be confused with spiral-grain, which also may give a rough
surface in dressed material, although they were found to be

associated with it in tree 5. Cross- or spiral-grained material

gives a rough surface if dressed against the grain and a smooth
surface if dressed with it, whereas material containing un-

usually crooked tracheids gives an uneven surface when
dressed in either direction.

Straight unifomi tracheids, except for slight curvatures at

the wood rays (pi. 10, fig. 3), vdth. tapering sharp-pointed ends

w^ere found in all the trees studied, but they were accompanied
by areas of crooked tracheids. Trees 1, 2, and 7 contained a

large percentage of tracheids which were straight except for

recui-ved or crooked ends. This was especially true of the very
rapid-growth material near the pith and the slow-growth ma-
terial in the sapwood of the older trees. In tree 5 and in cer-

tain areas of all the trees, the tracheids were wavy throughout
(pi. 10, fig. 4). The V-shaped markings shown in pi. 9, fig. 3

(5bN12) were made up of these crooked tracheids. In general,

where this irregularity was not due to a knot or other disturb-

ance as stated above, the curve of one tier was opposite that

of the adjacent tier so that the tracheids crossed each other

(pi. 10, fig. 5). The intercellular spaces caused by the crossing

of the cells prevented compactness of form and interrupted the

gluing layer.

Other elements that might be classed as inferior in strength
properties are compression wood, and the occurrence of

parenchyma cells around the resin ducts (pi. 10, fig. 6) and in

limited areas which appeared to be callus tissue. Compres-
sion wood will be discussed in detail in the next section.

THE STRUCTUEEOF THE CELL WALL

The physical properties and chemical constituents of the cell

walls of plants in relation to microscopic structure have at-

tracted the attention of botanists for many years. Niigeli

( '64) observed a definite concentric lamination of broad light

bands alternating with narrow dark ones in the cell walls of
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flax fibers. He advanced the theory of alternate layers of cell

wall material each containing different amounts of water. By
the use of swelling reagents he observed striations on the sur-

faces of the fibers which he designated as fibrils. He noted

further that the fibrils in adjacent laminae ran in opposite di-

rections, each lying in a spiral around the cell. Anderson

('27) expressed the belief that the laminae were not alternate

layers of water-rich and water-poor cellulose, but that they

represented the boundary lines of the layers of cellulose. He
later ( '28a) modified his conclusions, stating that the alternate

layers were of different chemical constituents, and ('28b) he

obser\'ed that in the epidermis of Clivia nohilis the cell wall

was made up of alternating layers of cellulose and pectin.

Anderson ('27) and Ritter ('28) were able to separate the

laminae from each other.

The middle lamella of lignified tissues was believed to be

composed largely of lignin by Ritter ('25), Harlow ('27),

Candlin and Schryver ('28), Harlow and Wise ('28), and

Scarth, Gibbs, and Spier ( '30), none of whomdenied the possi-

bility of pectin being present. The recent work of Kerr and

Bailey ( '33) states that the middle lamella is a combination of

lignin and pectin. The secondary thickening may be composed
either of cellulose and lignin (Scarth, Gibbs, and Spier, '30) or

of cellulose alone. It is likely, however, that the secondary

wall contains a certain amount of pectin. This is indicated by
the recent work of Farr and Eckerson ( '33) on the cotton fiber

and of Kerr and Bailey ( '33) on woody cells.

The amplification of the micellar theory of Nageli by the

use of X-rays as reviewed by Clark ('30) and Thiessen ('32)

has demonstrated the dimensions and orientation of the mi-

cells, which have been found to lie at various angles to the

axes of the fibers. Cotton fibers which have the greatest tensile

strength are those with the fibrils parallel with the axes (Farr

and Clark, '32).

Spierer constructed a special lens used as an oil-immersion

objective (Seifriz, '31). Seifriz ('31) and Thiessen ('32), us-

ing the Spierer lens, reported diffraction patterns of macro-

micells (aggregates of true micells similar in shape to the lat-
f
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ter) ill X3laiit cell walls. Thiessen reported the same phenom-
enon in partially decayed wood and coal.

The writer has been unable to substantiate this interpreta-

tion by the use of the Spierer lens at magnifications up to 2700

diameters,* but the laminae have been clearly outlined, thus

showing in detail the gross structure of the cell wall. The
cross-sections' of ordinary cells showed the laminae to be in

the form of concentric rings or cylinders (pi. 11, fig. 1). It

will be observed that the middle lamella was not differentiated

from the secondary thickening. The same structure was
readily demonstrated wdth direct illumination (pi. 11, fig. 2).

Longitudinal sections of similar cells showed the laminae to

be arranged uniformly and parallel wdth each other (pi. 11,

fig. 3) . The lumina of the cells appeared as dark bands, and in

no instance was there any trace of macro-micells in the diffrac-

tion patterns.

''Compression wood," so-called because it was thought to be

confined to the under side of limbs and leaning stems of Gym-
nosperms (originally described as Rothkolz by German in-

vestigators because of its reddish color), has been described

as tracheids that have rounded comers and that are character-

ized by a thick, heavily lignified, and spirally striated inner

layer of the secondary wall.

There have been a number of theories advanced to explain

the development of this type of wood, which have been re-

viewed by Kienholz ( '30) . The fact that these cells were found

in abundance on the compression side of the tree led investi-

gators to believe that they were caused by the compression

stresses existing on the cells during growth, but recent find-

ings indicate that they may be caused by gravity or by injury

to the growing cells.

Both the spring and summer wood of a growth ring, or only

a portion of either, may be made up of compression wood.

Thin layers of it occurred in the summer-wood portion of nar-

* In addition to the Spierer lens, which is an oil- immersion objective (90 x), a 30

ocular was used.

• The sections were made both with and without desilicification by the use of

hydrofluoric acid. Tho same structure was revealed in either case. This was also

true of the sections of compression wood.
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row rings, and isolated cells were found in both the spring and
summer wood, thus completely hidden from the unaided eye

(pi. 11, fig. 4). It could be readily recognized in stained sec-

tions under the microscope, however, by the ditference in color

caused by differential staining, the contour of the cells, and
particularly by the structure of the secondary thickening of

the cell walls. The white spots to be seen in the photograph
cited above were due to checks which were clearly visible in

the longitudinal section (pi. 11, fig. 5) and in the cross-section

at higher magnification (pi. 11, fig. 6) . It wiU also be observed

that the checks lie at an angle to the longitudinal axes of the

tracheids, forming a spiral around the cells (pi. 11, fig. 5).

In general, the line of demarcation between the two types of

cells was very sharp where the compression wood was first

laid down, but it blended gradually into the normal cells as it

disappeared. All gradations of the two types of cells were

found in the outer limits of the layer. The compression wood
cells often had greater radial diameters and larger lumina

than the adjacent summer-wood cells on either side (pi. 11,

fig. 4), but this was not always the case since compression wood
cells were often similar in shape and size to the ordinary cells,

differing only in the structure of the secondary thickening

(pi. 12, fig. 3). More highly developed compression wood
cells, however, were rounded, leaving interstitial spaces (pi. 11,

fig. 6).

Whencross-sections of these cells were observed under high

magnification (pi. 12, fig. 1), it was found that instead of con-

centric rings (lamellae) there were radial bands running from
the region of the middle lamella to the lumen of the cell as de-

scribed by Hartig ('96). These bands showed even more
clearly under the Spierer lens (pi. 12, figs. 2 and 3) and their

outlines and direction may also be observed with the cardeoid

dark-field condenser (pi. 12, figs. 4 and 5). Although usually

radial they were occasionally at an angle to the radius and
were often irregular and crooked as can be seen in the illustra-

tions. All gradations from the concentric laminae of the mid-

dle lamella to the typically radial bands shown in pi. 12, fig, 1,

were found. The region of the middle lamella had the same
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concentric arrangement as the cells illustrated in pi. 11, fig. 1,

thus making a distinct demarcation between the middle lamella

and the secondary thickening (pi. 11, fig. G). These radial

bands in the secondary wall of the compression wood cells

appeared then to be the lamellae so distorted and displaced

that they were no longer concentric cylinders but discontin-

uous radial bands. At frequent intervals they separated,

forming checks or cracks in the cell wall, which usually ex-

tended only through the secondary thickening. It can readily

be seen that on seasoning stresses would be set up not only

between the compression wood and ordinary cells but also be-

tween the middle lamellae and secondary thickenings of the

same cell.

Wlien longitudinal sections of similar compression wood
cells were observed under the Spierer lens, the alternating

light and dark lines were found to be running in a spiral

around the fiber, similar to the checks, except in the region

of the middle lamella (pi. 12, fig. 6). The same phenomenon
was observed when these cells were examined under the dark

field (pi. 12, fig. 7). Here, as in pi. 11, fig. 5, the spiral lines

between the checks were visible, showing the identical struc-

ture which is illustrated more clearly by the Spierer lens

(pi. 12, fig. 6). These sections were cut tangentially through
the secondary thickening of the cell wall, and the lines are the

edges of the radial laminae. Here again the middle lamella is

differentiated from the secondary thickening. In the former
the laminae lie parallel to the axis of the tracheids, whereas in

the latter they lie in a spiral. Then, in addition to being radial,

the laminae of the compression wood cells are spiral plates

which may be likened to the threads in a fine screw.

In the literature the terms "compression wood" and
"RothJwW are confined to the reddish cells found on the

under side of leaning trees and the lower side of branches,

characterized by their high density and by interstitial spaces.

Koehler ( '30) stated, however, that ''In loblolly pine and red-

wood relatively high longitudinal shrinkage has been found in

second-growth trees with very wide annual rings containing

summer wood which is not so dark and hard as in normal wood.
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Such wood resembles 'compression wood' in some respects

but differs from it in extending entirely around the tree trunk

and in some microscopic features. '

' The microscopic features

were not described by Koehler.

In the present study this type of wood Avas abundant in the

more rapid-growth Pinus Taeda and was found in limited

quantities in the other two species. It occurred on opposite

sides of the same cross-section, in isolated areas, and as in-

dividual cells. On examination it was found to have the radial

laminae spirally arranged in the cell wall which were char-

acteristic of the typical compression wood or RothJiolz cells.

Therefore, it is evident that the old terms must be modified or

replaced so that they will include all cells of a similar structure

regardless of color or position.

Accordingly, the writer is suggesting a new term: torqui-

mural (from the Latin torqueo, to twist or distort, and murus,

wall). This term is based upon the structure of the cells and
not upon their occurrence, which makes it applicable to any
cell having this type of structure. Torquimural cells (as found
in the southern yellow pines) may be defined as tracheids with

or witJiout interstitial spaces, moderately to very dense, the

secondary wall of the individual cell differentiated from the

primary wall hy its radial bands or laminae which lie in a spii'al

around the cell. This term is not necessarily intended to re-

place the older terms but to describe a definite type of cell

which is characteristic of compression wood or Rothholz but

not limited to it.

In order to differentiate the torquimural tracheids from
those having concentric laminae it becomes necessary to define

the latter with a corresponding term based upon the structure

of the cell wall. The term concentrimural^ (concentric, having
a common center, and the Latin murus, Avail) is suggested.

Concentrimural tracheids may be defined as cells usually ivith-

out interstitial spaces, thin- or tJiick-ivalled, the secondary
thichening and the middle lamella of which are made up c

layers or laminae in the form of concentric cylinders. These

° The writer wishes to acknowledge the assistance of Mr. J. A. Moore, a graduate

student in plant anatomy at Washington University, in selecting these terms.
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terms will be used in the ensuing discussions where the two

types of cells are compared or contrasted.

The Nature of the Failure and the Distribution of

Strength in the Tree

COMPRESSIONFAILURES

The nature of the failure of a small specimen of clear south-

ern yellow pine wood subjected to pressure parallel to the

grain depended upon (1) the density of the material, (2) the

type of cells present (torquimural or concentrimural tra-

cheids), and (3) the moisture content. In general, the plane of

the major failure was in the direction of a tangent to the an-

nual rings (pi. 13, fig. 1), although occasionally it occurred

across the rings. Thil ( '00) attributed the failure along the

rings rather than across them to the supposition that the wood
rays were arranged in spiral rows around the tree and that

the plane of the spiral was weak. Fulton ('12) and Forsaith

('21) observed that the initial cause of all failure lay in the

medullary rays. The displacement of fibers around the medul-

lai*y rays, the reduction in diameter at this point, and the poor

cohesion between the fibers and the rays caused a point of

weakness. Robinson ('21) did not attribute the initial failure

in spruce to the effects of the rays, but in ash and to some ex-

tent in pitch pine the rays were effective in causing failure.

Jaccard ('13) denied the existence of spiral rows of rays as

reported by Thil and expressed the belief that the rays were

more resistant to pressure than the fibers, that the rupture

came within the ray and not between it and the fibers. He did,

however, recognize the curvature of the fibers around the rays,

but stated that the failure was without constant relation to the

rays. Bienfait ('26) suggested that the ravs added strength

radial direction and

ibly due to this stiffening effect

&

Tiemann ('OG), from his studies of seasoned red spruce and
chestnut, suggested as a general rule that **all species of wood,

which when dry show the first indication of failure under com-

pression by a crinkling of the cell walls without bending of the

fibers, would T)e riiiid, brittle, difficult to bend without break-
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iiig, and would increase rapidly in strength with dryness,

whereas species which show a tendency for the fibers to buckle

without the crinkling of the cell walls would exhibit the oppo-
site qualities."

It is evident that Tiemann's observations were limited be-

cause the two types of failure may occur within the same
groAvth ring and perhaps in the same cell at different degrees
of drjmess. Spring wood of rapid-growth material (which
had large lumina and very thin walls) and brash wood (with

an unusually high percentage of lignin or whose internal struc-

ture was unusual, such as torquimural cells) often crinkled or

folded up, whereas concentriraural cells with thick walls usu-

buckled, unless the moisture The
secondary thickening of the thin- walled spring wood cell often

broke loose from the middle lamella and folded into the lumen
of the cell (pi. 13, fig. 2).

In specimens of green southern yellow pine under compres-
sion parallel to the grain, numerous wrinkles or offsets indicat-

ing failure were observed throughout the specimen. If the

compression was continued one or more definite zones of fail-

ure developed, offsetting the specimen in one direction or
forming a wedge split (pi. 13, fig. 1^). After the failure lo-

calized, most of the deformations over the remainder of the

surface disappeared. Within this zone of failure the cells

buckled, separating from each other or remaining in groups.
These groups usually consisted of the tiers of fibers. In sep-

arating, the cell walls ruptured at the interface of the sec-

ondary thickening and the middle lamella, leaving the latter

attached to one of the cells. In adjacent tiers of cells, the mid-
dle lamella often pulled away from the cell walls of one tier

and remained attached to the other (pi. 13, fig. 2). This con-

dition would be expected if the lignin of the middle lamella was
somewhat stiffer and more brash than the cellulose walls
(Dadswell and Hawley, '29).

The zone of major failure (plane of buckled cells) varied in

size with the material tested. In tough green wood it often ex-

tended more than an inch along the specimen, and when the
loading was continued after failure a large portion of the snec-
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mimen was macerated or shredded. In general the entire

of cells buckled in one direction (pi. 13, fig. Ic), but when

longitudinal sections of this region of failure were examined

under the microscope it was found that individual cells at va-

rious points buckled away from the larger wood rays, the cells

on either side buckling in opposite directions (pi. 13, figs. 3

and 4). The natural cur\^ature in the tracheids at the point

where they pass the larger wood rays, particularly the fusi-

form rays, and the reduction in diameter were sufficient to

cause a point of weakness. The rays running in the radial di-

rection cause a line of cells on either side of each ray to be

curv^ed in one direction. There were from 25 to 100 fusiform

cm. and from 2000 to 3000 linear rays per sq. cm.

studied here; therefore it is the opinion of the

that the curv^ature of the tracheid o

factor in the direction of the failure. This was further sub-

stantiated by the fact that in a number of the specimens fail-

ing across the rings the tracheids were found to be crooked

and the greatest curvature was in the radial direction. So far

as the southern pines reported here are concerned, the rays

were effective in the position and direction of the initial failure.

However, there was no definite arrangement of the rays ob-

served as assumed by Thil.

AVhen the individual buckled cells were examined by means

of the Spierer lens, it was found that the iimer wall (in rela-

tion to the curve) had folded or wrinkled, whereas the outer

wall was drawn tight (pi. 13, fig. 5). In the torquimural cells

the walls erave way entirely (pi. 13, fig. 6) or folded up b

ling of the spiral laminae

The "slip planes" in the individual cells observed by Robin-

son ( '21) and Bienfait ( '26) were, in the opinion of the writer,

due either to the folding of the cell walls in the region of the

pits as described by Tiemann ('06) or to an artifact brought

about by the rujiture of the laminae which exposed the amor-

phous lignin and pectin and caused differential staining. Sim-

ilar slip planes may also be observed in torquimural cells

where the laminae separate, forming checks.

Tracheids were often observed to buckle into the resin ducts
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and thus become more completely separated from each other.

In conclusion, it may be considered that an excess of large rays

and resin ducts would reduce the strength per unit weight, but

this effect was often overshadowed by crooked and otherwise

inferior fibers.

STEENGTHAND STEUCTURE

The strength tests reported in this paper were made in the

civil engineering laboratory at Washington University, with

the assistance of Mr. Charles 0. Quade and Mr. Chester Ab-

bey^ and under the direction of Prof. A. W. Brust, assistant

professor of civil engineering.

These tests consisted of static compression parallel to the

grain made on specimens 1^/2 x II/2 x 6 inches (specimens hav-

ing a nominal length 4 times the least dimension). Since the

object was primarily to determine the causes of variations in

strength of material having a given density and percentage of

summer wood and the distribution of strength in the tree, it

was more desirable to use smaller specimens than those of a

size specified by the American Society for Testing Materials

(pieces 2 inches square). By using the smaller specimens it

w^as possible to divide the cross-sections of the trees more

nearly heartwood &

short tracheids and numerous small rays, intermediate and

outer heartwood containing long tracheids and larger rays,

and outer sapwood. This emphasized the great differences in

strength caused by differences in density and fiber character-

istics in these various zones.

The compression tests were made on a 3-screw Riehle 150,-

000-lb. universal type testing machine at a cross head speed

of 0.018 in. per minute.

Tables v (green material) and vi (seasoned material) show

by bolts the number of tests, the average specific gravity, per-

centage of summer wood, rings per inch, and compression

strength of the 7 trees used in this study. The average per-

centage of moisture was omitted in table v because it was above

* American Creosoting Co. Fellows in the department of civil engineering, Wash-

ington University.
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the fiber-saturation point and had no significance, but it was in-

cluded in table vi, which represents the seasoned material. The
averages given represent all the tests made on the bolts used
in the microscopic studies except a few individual tests from
other bolts which showed unusual strength or weakness per
unit weight. The corrected specific gravity* and measured

TABLEV
RESULTSOF COMPRESSIONTESTS AVERAGEDBY BOLTSANDBY TREES

GREEN. THEAVERAGESTRENGTHIS BASEDON THE AREAREPRE-
SENTEDBY THE TESTS MADEAT VARIOUS DISTANCES FROMTHE
PITH

• The number of specimens represented In the corrected values.

Tree
and
bolt

No.

Species

Num-
ber of

tests

Orig-

inal

specific

gravity

Corrected

specific

gravity

Estimated
percentage

of summer
wood

Measured
percentage

of summer
wood

^

Rings
per

inch

Maxi-
mum

stress

Jt/sq.in

5-b
5-i

5-q

Pinus Taeda
(loblolly pine)

53

49

41

0.549

0.459

0.426

*

0.521(22)*
0.452(30)*
0.409(25)*

49
29

24

57
38
28

7.8

9.4

8.8
*

3570
3328
2594

Ave. 0.478 0.460 34 41 8.6 3164

7-a

7-m
1

Fitms Taeda
(loblolly pine)

15

12

11

0.491

0.452

0.436

0.485

0.446

0.428

48
35

25

50

44

30

5.7

5.1

5.8

3540
3450
3360

Ave.
1

1

1

1

0.459
1

0.453 36 43 5.5 3360

3-a
3-c

3-e
3-h

Pinus echinaia

(sliortleaf pine)

15

n
11

n

0.602

0.544

0.519

0.475

0.588(14)*
0.535(10)*
0.510(10)*
0.465

36

33

35
29

53

46

43
38

10

12

11

13

4625
4477
4110
3840

Ave. 0.535 0.524 33 45 11.5 4263

4-a

4-f
4-h

Pimis palm tr is

(longleaf pine)

22

20

15

14

0.565

0.572

0.555

0.521

0.509(21)*
0.541

0.509

0.473(13)*

1

38

36

40
29

49

46
1

38

20

21

20

21

3752
4003
3669
3293

Ave.
1

0.553
1

0.508 35 20.5 3679
1

6-a
6-e
6-i

Pinus pahistris

(longleaf pine)

12

9
9

0,569

0.571

0.477

0.542

0.489

0.453

44
39
32

44
34
29

24

22
21

4063
3977
3172

Ave. 0.539 0.494 38 36 22 3737

• The specific gravity after correcting for resin content. These corrected values

were used in all interpretations in this paper.
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TABLE VI

RESULTSOF COMPRESSIONTESTS AVERAGEDBY BOLTSANDBY TREES
SEASONED. THE AVERAGESTRENGTHIS BASED UPONTHE AREA
REPRESENTEDBY THE TESTS MADEAT VARIOUS DISTANCES FROM
THE PITH

Tree

and

1

bolt

No,

Species Number

of

tests

Percentage

of

moisture

Original

specific
gravity Corrected

specific
gravity Estimated

percentage

of

Slimmer

wood

Measured

percentage

of

summer

wood

Rings

per

inch

Maximum

stress

$/
sq.

in.

1-a Finns Taeda 25 6.6 0.589 0.569(17)* 57 55 7.7 10677

1-d
1-h

(loblollypine) 22

28
7.0

7.9

0.500

0.473

0.499(17)*
0.435(12)*

34
29

38
30

7.5

6.9

9191
8658

Ave. 1

7.1 0.521 0.501 40 41 7.4 9508

2-a Pimis Taeda 28 8.0 0.596
'

0.576(20)*' 52 53 5.4 11692

2-d
2-h

(loblollypine) 24

24

6.2

7.7

0.508

0.495

0.488(14)*
0.479(22)*

43

30

41
35

4.5

4.0

9512
8775

Ave. 7.3 0.533 0.514

1

41 43 4.6 9993

* The number of specimens represented in the corrected values.

summer woocP are given where a sufficient number of tests was

made to justify a comparison. Where there were fewer tests

the number is given in parentheses followed by an asterisk.

The estimated summer wood was on the whole lower than the

measured values.

These averages show particularly the variations in density

and strength at the different heights in the tree. They also

show to a certain degree the differences in strength shown by

the various species. In the green condition Pinus echinata

was consistently stronger than Pinus palusfris which in turn

was stronger than Pinus Taeda except for one bolt in tree 4

(fig. 3). The strength decreased from the base towards the

top of the tree. The strongest material was in the lower bolts

except in tree 4 where the strength reached a maximum in

bolt c about 12 feet from the ground. In the lower part of the

tree the strength fluctuated from bolt to bolt, but the maximum
was invariably in the lower 12 to 15 feet in all three species.

However, the maximum strength per unit weight was often

* The summer wood as measured under the microscope. Only the measured sum-

mer wood is given in the other tables and the text.
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between the 20- to 40-foot level in the trees. The seasoned

tcrial of trees 1 and 2 showed the same relationship (fig. 3).

Tables vii (green material) and viii (seasoned material)

show results of individual tests and microscopic studies taken

within each bolt. They show particularly the variations in

properties which occur from the pith to the bark and to a cer-

H'isht front ground In f*«t

Fig. 3, The variation of strength with height in tree: below, the five trees

tested green (trees 5 and 7, Piniis Taeda, lobh^lly pine, tree 3, Pinus echincta,

shortleaf pine, and trees 4 and 6, Pinus palustris, longleaf pine) ; above, trees

1 and 2 (Pinus Tacda, loblolly pine) tested in the seasoned condition. The
average strength of each bolt was obtained by evaluating the tests by tlie area

represented in the cross-sections (tables v and vi).

f der

to obtain a sample of the average material for microscopic

study at least one series of specimens from the pith to the bark

bolt was used. The north side was
one side was consistently weak or

Dercentaere of resin was determined

side of each

arbitra

strong.

number of specimens on the other three sides

bolt, and the specific gravity (corrected fo
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plotted against the str specimens

weakness were then studied microscopica By
this method material having average or very high strength

and very low strength for its specific gravity was included.

More material would necessarilv have included a greater num-

Distancs from pith In Inchee

Fig. 4. Tree 5 (Finns laeda, loblolly pine), green. The solid lines rep-

resent the compression strength plotted against the distance from the pith

for a single series of tests ; the broken lines, the averages of all tests. Note

how closely the average of all tests represents those plotted.

materialber of variations but the maximum range for the

represented was covered.

In the cross-section of tree 5 (Pinus Taeda) the strength in-

creased from the region of the first annual rings towards the

bark. It reached a maximum at about 11, 9, and 7 inches from

the pith in bolts h, i, and q, respectively, after which it de-

creased to a minimum in the outer sapwood (fig. 4). The tra-
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â
\ rH

QJ

t—1 CO IQ t^ O^ »H 1 ^ C3
THcOlOt^OCOii— li— 1

CO lO t^ Ol rH fjj

WPl! H W Wcy2

CO LT t-- Oi rH

f=^ CT* CT* O* CT* CT" CT* o^Cf^cT'cTCT'^c^cr' CT* O* O^ C^ O^ Q^ ^ O^ C^ CT* Q*

CO lo lo i^'i lo lo L-: lO lO LO »0 »0 »C iO O lo L':! ic o Lo lo lO LO lO lO »0



1934]

BERKLEY STRUCTUREAND STRENGTHOF SOUTHERNPINE 291

O

a?

oi o OS u^
rH OJ "M (M Oi

00 ro Tt^ tH
Oi o Oi GO

• * *

b- Ci C30 t-

o C5 id 00
« m

CO CO ^ ^

Ci OD CO
CO

(M r-J Ci

CO ^ ^

\C ^ r^ t^ iC^M^oo -^ ^ -^ cc <D ^ lO t* •^ lO to t^ CO lo io

-^ o o a>
CO "^ "^ "^

C-l O CO lO
»0 lO IC ?P

CD i-H 00
^ lO »o ^ lO b- 00

IC "«*< ic
CO ^ o
CO CO -^

m '^ CO 00
CO ''^ ic lo

00 rH lO^ Tt^ Tt^

05 Ci OO l>-

CO CO c^ o to Oi
CO 00

^ t- Ci -^ CO (M CO -ft^ Oi o
CO ^ M^

CO -^ ci lo
CO

CO O CO
CO OI CI

'^OJOrH t^OOOOO Oi(MlOb* CCt^O^ ""l^. *^ *^*^°^^. 00

•«t

b- c^ 00 o
CO -^ CO Ci
•«* -rh Tt^ L'Ti

Ci O 01
00 Ci Ci 00
Tt^ CO ir^ t-
^J^ ^H ^f ^^

kO to CO
CO CO r-i

lO lO lO

o o CO
CO 1-H o
^H ^1 ^^

CO CO C-» OS
*f 'f ^ "^

e^ c CO
(M <M t^
^# *^ ^^

lo irtj o LoO 't Ci Ci
OO CJ CC CO
CM CO CO CO

lO o o »c
^O lO 00 COO -^ '^ 00
CO CO CO CO

o ic o o
ca d COo o u^

CO CO CO CO

IC IC ^o »rs t^
t- Cl Oi
CO CO CO

kO lO lO^ CO
CM O
CO COCO

lO ic o to
CO C<J ^ o
t-- O L-^ t-
(M CO CO CO

CD I-* 00
Ci 00 LO
tM CJ CO

rH CO IC l>-

c9 c4 cj c3

CO ir:mmmm
c5 rt c! rt

CO »c t^ o
pq fi2 pq tj

rt C3 c3 rt

CO lO t^

fe fe feK^ r^ 1^
c3 rt c3

lH CO O
bJD tiO too

CO LC t^

tiC tC tuD bC

CO »owww
be ^ be

o

o

&4

c

en

b£i

c
o

a;

tJ3

c

OJ

o

°l
0)

^
en

0^ o

bJD

o o

p. 0)

CG 0.

ft



292 ANNALS
[Vol. 21

(3

C

>

03

t^

CO

lO CO
O^ CO Oi fM CO

CO t^ CO as CO LO

CO
uo CO -^

• » •

t^ i> t-

-^

00

00
*

CO ^ ^

fcC '^ Oi O 'f CO -^ t^ lt:

^ o 00 (TJ Tj^

03 CO tJ*

00 TJH CI -^
CO CO ^ CO 00

CO ^

<o o IC t- Tf
Tf< Tt< CO

•^ CO O l>-

CO CO CI CO
CO o
CO CO

CO CO ^ P 01 lO C^l o o
oo'

CO 01
00 00

a» to lo
Ci CI lO
CO -^ -^

Ol 00 lO t^
Oti i—

t rH CO
CO -H -rfH Tj*

t- I.O

Ol CO

00 OJ
LO t-
CO CO

i-t »": (M
Oi O -^
c] r: CO

in lo »o
»jo Tt* CO o;
Oi Oi oo oj
CJ C] CO CJ 0] CO

CO »n

Cud W)

CO lO

s a a
t- t^ t^

r-l CO l.O h- CO 1.0

02 CO a: cc WH
S S S S S s

i> t^ t^ t^ t- t-

^ o
<v

CO "^
o
OQ

(3

t^ CI Co

00

CJ lO

CO

I

en

lO lO
00 CO
r-i CO
CO CO

CO LO

S E

-^ O] CO
CI t^ t^ l>. C5

l^ CO ^ t^ o
00 CI O CO lO
iri CO* o co' CO

O CJ CO 05 O)
4 4 # * •

^^ ^^( ^T^ ^^^ ^'T

CO 00 CO o -^

QO 00 CO 03
lO iC CO lO lO

Ol Oi -+< CO CO
CJ CJ t- 00 05

CO CO CO CO-^
Cl' CO CO CO r-I

-^ CJ O 00 O]
T—

I
I—

I 00 -^ Tt<
CO CO LO LO lO

*0 CJ -^ CO LO
00 r>- CJ Cl i-H

LO ijO -t^ --t -^

Cl '•t^ CO 00

c5 C3 c3 c^ cl
CO Cr^ CO CO CO



1934]

BERKLEY STRUCTUREAND STRENGTHOF SOUTHERNPINE 293

00 Oi o Tt< Tt< -«*< GO
00 Oi Oi O 01 tH C-l Oi

t^ Oi CO
CO o Oi 00
00 00 00 t*

(M CC COo
00 CO Cvl CO

lO ^ ^ ^
-^ CO t^ lO
Oi 00 CM 00

in lO CO o

(>:

CO ^ ^

r-i Oi -^

CI ^ t-.

CO LC Oi

o CO Tj4

CO CO 01

^
CO OO Oi

CO ^
t^ CTl O rH
'^' ^ iri o lO lO

00 t^ Oi o
CO ^ ^ id

^ io o CO lO lO 00 Oi o 00 CO GO CJ (M JO C^ 1-H o

^ lO o Cj b- 1-H l>- ic d t^ 00 CO »c **^ 00 00 o o CO O 00 O -r+4

'^ "^ "^ lO lO CO lO rfi Tji "^ "^ ^ ^ ^ ^ ^ lO lO ^ lO -^ -^ -^

O CO O 01
CO COCO CO

CO TtH

GO
CO ^ CO o
CO COOi o CO

CO Ci o CO
o »o oi »o
"t -^ 00 a>

CO iq
_

r-I CO <>i Co'

Oi 00
' oi

CO Ttj o Ci

w ci o o
O LC t^

CO

fO CO lO O Oi CO iq

CO c^i oi oi

u

c
9

Cud

o

s

a;

u
o

•1)

OO oj CO
Ol -^ CO
kO lO lO

CO o -^
t^ ^ rH
^T ^^ ^^

•^ LO O 00
00 00 o c^
CD COt^ lO

CO
OI CO

t- CO LO 1-f

lo CO »rr CO
IC m LO O

eo CO t^
Oi O Ol

LO LO
LO

in LO

CO Gi 00 ocO O] r-t O
lO lO LO lO

o t^ »o CO
Oi CO o t*
lO LO Tt< T*H

OI -^
Oi oa
CO -*

CO OO 00 00
Oi t* OI CO
^< -^ ^ "^

CO LO OI
CI r-* rH^ "^ '^

Oi OO CO
LO -<:f

CO
'4

CO

OI CO r- lO
03 CO 01 Oi
-^ -"f -<** CO

01 '^ CO
CO a: cc

CO LO b- Ci CO LO
TtH CO OO rH

OI ''^^ omaim
rt c3 ci

W ^ !«« W
>>V wU ^W WJ « rt o u u u ^ u u

CO CO' CO CO CO CO CO CO CO CO COCO CO CO CO CO

CO to

CO CO

CO

CO

OI -rf CO 00

O) a; O) o
CO CO CO CO

0/ O

a-
0)

fan

c3

be

a o

O. OJ

oj a;



294
[Vol. 21

ANNALS OF THE MISSOURI BOTANICAL GARDEN

o

1

en

<

02

^
3^

cti
o >%

f>»

a;o
PM to

'S s

CD

biO

=1 a
S o
=^ 2

03 O
be *^

tn
c *^-4

o o
£

OJ «^^
C

0^

.s
^-* 'go
d Q>
a; tx

1h <M
OJ C

p^

o *
"^ >*
* ^^ ^ J
o k

03
^ ^_

c^ rt

OQ

a *

00 G

s s *

'71 Ih C^
>< ^ K}
g8 oq •v^

:^ **

CO Oi lO O
OD t>" CO

OO fC '^

00 no C]o oi CO

«d ic ic

3

o

CO 00 o
CO ^ id

»c ic o Oi o <M
CI

Wt- ^ O Oi

in ^ O 00
Tf CO

CO O Oi
(M -^ CO

^ '«^ Oi
-^ CO

CO
^ ^ Tf

id^ CO

b- ^ CO O CO o Oi cc oo CQ t^ Oi fH t- O CO t>-

C Oi Oi O CO ^ cj X o CO ^ o CO Oi o rt^ <M
iH iH r-i iH iH iH

O rH
A

CO rH Oi o o
i 4 4

Oi t- -^
* V •

o «:> o
A ft t

I—1 fH r-i O ca c^i CO I—( rH CO CO C<] r-t iH 1—1 1-i I—

1

OiO CI
CO
cc CO

CO ^ t^ o o M 1—
1 CO O 00 ?—

(

^ 00
lO t- '^ O 00 O lO t* t^ o o CO -"t^ TfH -^t^ lO TJH ^ "^ "^ -^ LT »0 ^ ^

00

Tt^ ^
00 00
Oi 1-H

CO -^

CO (M

CO CO

CO l^ 00
00 o t^
CO "^ CO

Ci 00 ^
Oi ^ CD
CO CO CO

I--

CI Oi^ -^ CO

CO
CI
CO CO

^ CD
CO 02

CO CO

CO »oWW
CO CO CO CO

OJ ^ ^
^ -c ^
CO CO CO

01 -^ to
02 CO cc^ ^ ^
CO CO CO

CO tc i^www
CO CO CO CO CO



1934]

BERKLEY STRUCTUREAND STRENGTHOF SOUTHERNPINE 295

c

tx

o

.2

i

<M CO
cc

ic
00 Cl t^ t* J>- O

CM OJ <M rH (M

(M
CO

•
CO

*

lO lO

01
-^ ITD ^

03

ocooioiococoo O O^ O lO
03 <M 1-1 C^I

t>. '^ o Ol C5 oo ^ to CO ''^^ O tH t^
CO CO (M C\l C-J 03

CO
CD

ic »o lO lO o>
Tt* ^ CO ^ •^

Ci O 03 CO t^ lO
CO -^ lO lO lO CO

ICClCSiOl-^-^OtO
COCMOJCOlOCOi—li— I

CO eg -^ 00 -^ o
05 CO 03 (M rH 03

CO CO00
OJ Ol tH

to CI CO C5
00 CO rH C5

00 Ol CO Oi l>- 00
(M <M CO O] O O

Oi

03 CD 00 iO

00 O Oi oq

OJ CO

CO Ol CO CO -^^ CO

oi i-i oi 01 oi Tti

CO

Oi -^ CO
Oi CO O
to ci r^

C> lO 00 rH iH ^
-^ Tj^' co' t-* Co' CO

o t* CO -^ ^ t>
CO O O^ IC' Ol t-
IC CD to CD U* in

CO
Tt< 03 00 CD Oi 00
lO O CD CC Ol CO
lO lO IC '^ -^ '^

CO
OJ LO CI
CO -^ -r*^

00 CO ci Tj<O ^ O lO
IC lO ki^ ID

00 03 r* i-H 00
CC »C iO 00 O CO
lO CO lO IC L'T lO

03C0C000C0OOJ03
Ocooat^-cNCi-^io
-^lOiOlO^^COCO

O O] O ^ CO
CO r-l O O t* 00
•^ -^ CO CO 03 OJ

^ ^ CO
00 Ci lO
'^ 03 CO

CO CO CO o
00 C^3 Ttl O
CO ^ CO CQ

C3 t^ Oi -TtH

lO CO ^ O CO '^
^ ^ ^ ^ CO CO

rHdCO'^mCDt^OD
!2i l^; ;z; iz; ;5 ;z; ;5 ;2^

^^ ^^^ ^T^ ^^^ ^^ ^^ ^^ ^^

Cl CO ^ ic «o
CC CC CCCC GO OQ
C^ C3 cd ^ cc cd

^t ^1 ^(Ji ^ji ^!fi '^

CO ^ ID

c3 ct o3^ "^ "^

CO "^ lO CO

a cc a d
^i ^i ^n ^^

<M CO ^ IC CD

^ ^ ^ ^ ;^ J',
u c; C> V o c>

^i ^ji ^(p ^j^ ^Ji ^^

o

o
1-1

a

s

t4

c

to

K "^

c

CO

s

<D

s

0)

0;

o
o

> O

toy

o o
Q. <u
CO Ol



296
[Vol. 21

ANNALS OF THE MISSOURI BOTANICAL GARDEN

*

;>

03

04 on

73

.9

O

03

13

u

Oh

a 0
dj k>^ rf

rt M
'*-'

k.
ci ^
a;
^
d

'T3

J3
a

bo

.9

2 S
1:3 S o

(3) 0)

(U o

o
^ d

« V
«« t"

CO &)

g

1

0.89

1 1 1

1.17 0.92

1 1

•

d

CO 00 rH

•rf ^ id

00 p
-t id

00 CO a> 00 CO Cl
Csl C4 I—1 rH rH p-l

CD »rt 00
rH rH CJ CJ

CO 10 CO Tt^

CJ CJ r-( rH
C3 OJ Cvl i-f CO
Cl Cl Cl Cl rH

10 CD CD Cl
Cl r-l Ca C^

oiitinued)

IC
t- QO
CO CO

00
CO

Tree

4
(C

Oi t- Ci 10 TtH CO
CTJ Cl CO 00

rH r-i

to Cl CO
C^l CJ rH

l-H rH

Oi CO CDt-
t- 00 Oi OS

CO CO t^ -^
Cl Cl t^ 10

t^ 00 rH CD*
Cl Cl rH 1—

1

Ol 10 ?D C^ C^ CO

CO Oi -xt C J rH
rH

IC ^ CO CO
» * «

Cl CO LO
r-1

r-J CO p Cl

CD* CD -^ 10

^ iH Cl Oi CJ
• • • •

Cl Oi Cq -^ rH
Cl Cl

CO -^ '^
* « • •

h- rH CJ rH
r-1 r-i

tn

«r

a

02

'^l* rH 00 !>• Cl
CO -^ CD Cl
10 ic ic 10 ic 10

A A & A M

4

L-^ 00 rH
Cl ^ rH Oi
CD 10 "O -!*<

^. A M ^

in> 10 »o CD
Cl t^ '^ CO
ic -^ lO IC

CO 10 t^ 00
CD -^ fH CO

lO Tt< iO LO
B fl

rH Cl CD
-^ -^ -^ CO
10 10 "^ -^

4T ' • • • w000000 « 4 4 B0000 0000 ^F ^ ^P ^^ ^^00000 w ^ ^ w0000

rjH CM Cl ^ Oi O^ Cl OS 00 Oi O
Tt^ Tt C>0 CO CO ^

CO "^ rH rt<

Cl 't 00 Tt<

ir: 't CO CO

^ Cl CD -^

^ CO -^ -^

^ Cl CD t- CO
T-H CO -^ Oi 00
'^ CJ CO CO CO

b- CD 00 10

'•t Tt CO CO

Cl CO -^ L'^ !D
oc CO COCO cc cz:
O O ^' O O O

^T* ^r ^^ ^^ ^^ ^T*

00 -^ t't CD

WWK W
O O <iJ u^ "^ Tf ^

CO '^ Ut CD rH 01 CO -^ rH 01 CO H*
CO »: cz? 02

« ^ CJ ««_i q-j C|_i «M 5M «!-( %^ V- «4-i

Tf ^ ''f "^ ^" ^^ ^^ *^ ^^ ^ "^ ^ '^



1934]

BERKLEY STRUCTUREAND STRENGTHOF SOUTHERNPINE 297

b- -^ «0

Oi "^ lO
» fr

C-1

-«*< (M CO
c^ o oo
»o -^ -^

iH C<J CO
rH (M CO
TjH CO CO

lO O (© CO
iH 00 O Oi

in

00
00

CO

iH C^ CO ^H O o
• • * « « »

'^ m ^ lO to »c

CO CO CO oo Oi ^ CI o Oi (M OO rH '^ t^ CO CM 00 o CO
CM c^ (M r^ C3 CQ <M (M r-t C3 <M 1—

t

c^ CJ (M eg

Oi CO t-
'^ CO COCO

oo
CO

to
00 <0 Oi

CO t^ O Oi
03 G^l CO ^ ca lO

CO eg CO
o^

(M
oo CO vo »o

00 I—I CO

t- CO Oi

c4 CO* o" CO
(M

Ol 00 (M
» *O -^ r-l IC ''iH

O r-l CO »0

^ 00 IC CO

-^ CO XO 00 CO
lO '•tj^ lO

00 i-i O Tt<
C<l OO lO
lO CD lO »0

O 00 CO
t^ '^ CO
^T ^T ^7^

00

-^ M<

t^ 00 00
lO CO t^ t^
^1 ^^ ^J^ ^5^

Ci O (M
CO ICi 00
CO CO CO

lO CO Oi CO
rH Oi oo CO
CO COC^] CO

iCi ^ ^
CO Oi o
CO C<I CO

lO CO

CO CO

t^ 00 ic o
(M I—f CO CO
CO CO COCO

CO ^ lO

H H W
CO -^ CD

<H «M *M *M <W CM^ "^ "^ ^ "^ "^

rH Ol CO Tt^ (M CO ^
CC COCC

^ ^ ^ ^ ^ ^ ^

CO -^

WW
CO -^ »o CO

^ ^ ,^ ^^ ^ ^ ^

o

o

4)

c

bo
c

O bfl

o E

o E
U
0)

^^
^

2^

li o

0)

s
£

> o
OJ

bjo

01



298
[Vol. 21

ANNALS OF THE MISSOURI BOTANICAL GARDEN

.9

o

«H Ci< 00

o ;:d o
be n3
d ^

.aa cS

c +J
s
L^o c!

f-4 0)
^^

0^ Ut K
Ck rt ^
<M Ok
o ;3

be
OQ

a ^ rt

p CIS M
r 1 ^~* K
o c9 Xi 1

(m OJ
0)

Ps 1

^ Jh

^
§
»-. a; ri

be 0)

2 a
d
a;

73

03 ^

OS <D

IP

g-9

a>

Ph

11
cc So

a
13

E
00
00

lO O (M^ Oi 00
00 1-1 lO
-^ OO iH '^ 00 CO

Ci iH <M
«D IC CO

O -^ O)
CD C^ ^ ?o CO

Oi o

-* -^ CO
CO C3

CO CO00 00

Oi O CO
t- l>. Ci
ic id CO

blo

2

•a;

Ah

CO

00

QQ

r^

d

E

'^ t- 00
• •

^^ ^ ^
05

* ^ ^ ic

-^ Ci o o^ CO *-t CM
CD CI

t- 10 Oi^ -Tj* CO
00 CO CO ic
CO tH '««*i CO

(M iH
CO i-H Ol

CO iH CD
CO '^ rH

10 00 CO
rH ^i r-i

'^ CO
1—( 1—1

oi in Oi
lo -^ CO

(M CO CO
Csl CO CO

CD to
CO CO CO CO iO

ITS

CM a> o u^ i>- in
CO CO Oi

10 «0 CO
<M 00 O N O (M

CO CO t>-

00 CD CD
OO CJ iM

IC ic

CO

00 -^ CO

O CM Oi lO

id 00 iH iH
OJ CO

«

Cl

Ci Oi iq

O 01 CSl

10 Jl t-
-^ CD ^

rH Tt^ 4C

CO CO CM

10

CM

CM t^
«D -^ 10

IC O CD 00
t- 00 CO Ci
lo m 10 •**<

^ CM

kO 10

CM CMCO
CM CM*H
CD 10 10

o Oi 00
CM CM00
10 IC TjH

CO 00 o
05 CO 00
Tt^ Tt^ ^

CO »o
t^ 10
-^ ic

10
CO CM IC
CO -"^^ CO

10
CO COt^ t^
CO 00 CM t^
10 10 -^ CO

10 10 000 000 10
00 CO Ci 10 CO Oi -^ CO ^
C7 00 i-H CO 00 00 00 cj 10 10 t--

^ 10 -^ CO CO -^ CO Tfi CO CO CO"^

CO 10

ci o3 ci

CO CO ^

r-l CO 10 »^
CC COro c»

Cd Ct^ CQ C^

CO CO COCO

CO lO

WW
ce c«^ CO

CO ic »>-

cd c^ cd

CO CO CO

iH CO ITD

a> 03 c;i

CO CO CO

iH CO 10
GO COcc
a> 4» 4»

CO CO CD

CO 10

WW
CO CO



1934]

BERKLEY STRUCTUREAND STRENGTHOF SOUTHERNPINE 299

(M t- IC
CO o ^ O^ lO

CO CO
(M

CO COO CO ^
<d ^ 06

kO 00 o
^ ^ isi

10
CO

00 C3i O
CO rH CO

b' -^
CO

CO CI
ca

«o

00
CO

o o> kO
CO 1-1 CO

lo CO CO
-^ CO CO

00
CO CO

10
CI

00 CO 10
m 10
CO 10

o -^
00 CO

00

cq
16 10 oJ Tj*

00 CO Oi
rH Co" CO

00

^ CO

CO

co'

K

CO 10 CO^ 10 «o t^ Cl ^
00 CO Oi in t-^ irl Tt^ T»< '^ ir:) '^ Tt< ^ ^

• • • « • • » t V

ic la 10 10 ic lO id
t- «o iO CO -^ 00 CO ^
CD 03 t- 00 00 00 ^ ^ t-
CO '^ CO CI '^ CO Cl CO CO CO

CO tH CO ITS iH CO »0
012 OQ CQ

CO »0 CO

O) *p^ • ^ •PH ^ -"H m ^^ rH • rH

to io to «o «o «o CO CO <o

ta

u

s

rC
•*-<

;^
01

-d
e:

P
n
bo
C

*^H

-M *^

C <u

0>^
G"*^

bo
^ c
c-C

resi
easu

^
^Ss
'd'^
^ _+^73

tl>

^Ĥ
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cheid length and the density increased with the strength to a

maximum, after which the density decreased with the strength,

l)ut the tracheid length only fluctuated within small limits. The
resin ducts and to a certain extent the area taken up by the

rays increased in this weak material of the outer sapwood.

There were certain fluctuations in strength on the opposite

sides of the cross-section, as well as in side-matched specimens

from the same side due to the presence of torquimural and

crooked tracheids and an accumulative effect of minor defects

and injuries caused by strain in the living tree, but any given

series of specimens from the pith to the periphery, when plot-

ted, resembled from the same bolt

or the average of all of them. In each of the three bolts {h, i,

and q) there were 8 series of specimens tested from the inner

portion of the tree to the periphery (see fig. 1 for the relative

positions of the 8 series of specimens). Four series of tests

were plotted in fig. 4, together with the average of all 8 series.

The agreement was very close at all points except bolt i, 11

inches from the pith. In this tree the growth rate was medium
to rapid for the first 7-11 inches from the center, depending

upon the bolt, thus placing the region of greatest density and
strength some distance from the pith. The outer portion was
of very slow growth and low density and strength. Figure 5,

for tree 7 (Pinus Taeda) shows an increase of strength from
the pith to the periphery. This tree, being much younger than

tree 5, did not show a decline of strength in the outer sapwood.

The average strength decreased from the inner specimens

towards the periphery in bolt a of tree 3 (Pinus ecliinata) and
remained practically constant in bolts c and e, with a slight in-

crease in the same direction in bolt h (fig. 6). The
was very slow in the first 2-4 inches in bolt a, after which it in-

creased at a moderate rate, but at the higher levels the growth
rate was more rapid in the inner heartwood and the region of

greatest strength was therefore farther from the pith.

The wade fluctuations in strength at a given distance from
the pith in this and the two following trees were due to the

asymmetric growth and crookedness of the trees, which made
it impossible to obtain side-matched specimens from the same

B
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Distance from pith In inches

Fig. 5. Tree 7 {Finns Taeda, loblolly pine), green. The solid

lines represent the compression strength plotted against the distance

from the pith for a single series of tests* The broken lines, the aver-

ages of theeo tests. Note that the average strength increased from

the pith towards the periphery of the stem in all three bolts,

]
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Distance from pith In inches

Fig. 6. Tree 3 (Pinv.H echiruita, shortleaf pine), green. The solid

lines represent the compression strength plotted against the distance

from the pith; the broken lines, the averages of these tests. This

tree was both crooked and asymmetrical, which accounts for the

unequal number (»f tests on the different sides.
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growth rings, as well as to the variations in the structure on

the opposite sides. In the side having the slower growth the

specimens would contain material laid down 20-40 years after

that in the specimens on the opposite side, in the more rapid

growth. Furthermore, areas of torquimural and crooked tra-

cheids often occurred on one side, as opposed to straight con-

centrimural tracheids on the opposite side.

The Pinus palustris trees 4 and 6 were of very slow growth,

especially for the first 2-4 inches along the radii (table i). In

cutting the test sticks the pith and often the first rings con-

taining the short tracheids, numerous resin ducts and wood
rays were cut away. The result was that the maximum
strength usually was within the first specimens around the

pith. The average strength decreased then from this region

towards the periphery of the stem (figs. 7 and 8), but occa-

sional strong specimens occurred in the medium to outer por-

tion of the trees. This was partly due to the impossibility of

cutting directly through the pith in the crooked bolts, when
the pith was thrown within a specimen which caused it to be

weaker than its neighbor.

The seasoned material was of rapid-growth Pinus Taeda
(trees 1 and 2), which increased in strength from the first

formed growth rings towards the periphery of the stem. The
outer sap wood in bolts a and d of tree 1 (fig. 9) had a lower

strength than other specimens nearer the pith. The lower

strength in the outer sapwood of tree 1 was due to the presence

of a large percentage of torquimural tracheids and numerous
large rays, particularly fusiform rays (tables in and iv), and
not to a lower density (pi. 9, fig. 1, specimen laN7). The en-

tire north and east sides of this tree, which were consistently

low in strength, were composed of torquimural tracheids.

There was a certain amount of this fiber throughout the stem.

Figure 11 shows the compression strength plotted against

the specific gravity for the green material. The band^° of

points is thickest through the middle portion and thins out on

" Instead of trying to describe the strength-density relation as a straight-line

relationship, the term "band of points" is used, which includes the deviation of

the individual values from a straight line as shown in figs. 11 and 12.



308
[Vol. 21

ANNALS MISSOURI BOTANICAL GARDEN

Distance from pith in inches

Fig. 7. Troe 4 (Piriu^ palusiris, longleaf pine), green. The solid

lines repreaent the compression strength plotted against the distance

from the pitli for one series of specimens on the various sides indi-

cated; the broken lineSj tlie averages of all tests made at the various

distances alonir tlio radii.
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Distance from pith in inches

Fig. 8. Tree 6 (Pinus palustriSy longleaf pine) green. The solid

lines represent tlie compression strength plotted against the distance

from the pith; the broken linos, the averages of all tests made in these

bolts.
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Difitance from pith in inches

Fig. 9. Tree 1 (Finns Taeda, loblolly pine), seasoned. The solid

lines represent the compression strength plotted against the distance

from the pith for a single series of tests; the broken lines, the averages

of all tests made on each side.
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Distance from pith in inches

Fig. 10. Tree 2 {Finns Taeda, loblolly pine), seasoned. The solid

lines represent a single series of tests from the pith to the periphery

of the stem on the four sides; the broken lines^ the averages of all the

tests made.
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either side. The upper edge of the band composed of the

strongest specimens por nnit weight tends to form a straight

line which is essentially parallel with the lower limit composed
of the weakest specimens per miit weight and with the mean of

all the points. In comparing tlie indivithial tests of Piniis

Taeda and Pinus palustris^ the former was the stronger for

the lower range of specific gravity wliereas for the higher

range the latioi* was superior. Piuus Taeda seldom surpassed

4,000 pounds per square inch in strength, whereas the greater

percentage of Pinns palustris was above 3,500 pounds. Pinus

echinata covered practically the entire range of strength and
density and was found in both the top and bottom edges of the

band of points.

Table ix gives the strongest specimens for a given specific

gravity, those found in the upper limits of the band in fig. 11,

and the weakest specimens found on the opposite side of the

same band. The stronger specimens had an average of 1,000

pounds greater strength than the weaker specimens, but at the

same time 0.057 lower average density. The percentage of

summer wood and the area taken up by resin ducts and wood
rays were greatest in the weak specimens but the rings per

inch and tracheid length were practically the same. In addi-

tion, a large number of the weaker specimens contained var}"-

ing amounts of torquimural tracheids and all of them con-

tained crooked or otherwise inferior tracheids (pi. 10, figs. 4

and 5), whereas the stronger specimens were made up of

straight uniform conceiitrimural tracheids.

The seasoned material with a moisture content of from 7 to 8

per cent was about 2, (5 times stronger than similar material in

the green condition. Figure 12 show^s the strength of the sea-

soned material plotted against the specific gravity. The same

type of band was formed as in the green material. Table x

shows the strongest and weakest specimens as found on the

oDDosite sides of this band. The same conditions in the cells

strong and weak material were found ^_ •

material except that the torquimural cells were more pro-

nounced, and ( and wood
much higher in the weak specimens. The wood



Specific gTAVity

Fig, 11. The compression strength for the green material plotted against the specific gravity. Finns Taeda (lob-

lolly) is represented by a black-and-white circle; Pinus echinata (shortleaf), by a white circle; Pinus palustria (long-

leaf), by a black circle.
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slightly larger and more numerous in areas containing a large

percentage of torquimural traclieids, particularly the fusi-

form rays which were more effective in causing failures.

The poor differentiation of spring and summer wood in the

early growth of a tree, and numerous rings in the later growth,

Specific gravity

Fig. 12. The compression strength for the seasoned material, trees 1 and 2

{Pmns Taeda, loblolly pine), plotted against the specific gravity.

together with the differences in thickness of cell walls in both

the spring and summer wood of the different species, caused

a difference in the density of the material containing an equal

percentage of summer wood. Pimis palustris had thicker-
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TABLE IX

THE 15 STRONGESTANDTHE 15 WEAKESTSPECIMENSPER UNIT WEIGHT
TAKENFROMFIG. 11—GREENMATERIAL.
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Strongest specimens per unit weight

Weakest specimens per unit weight

2630 0.499 2.9 109 46 20 5.2

2r)00 0.470 2.9 47 33 18 4.8

2540 0.472 3.4 32 12 4.9

4950 0.700 2.1 30 61 9 4.3

2330 0.469 3.5 115 41 26 5.0

3120 0.527 3.1 109 40 21 5.1

4670 0.652 4.5 22 40 33 4.0

3020 0.508 2.3 124 45 19 4.7

3420 0.531 1.9 110 45 18 5.0

3150 0.528 23.5 23 41 00
La LJ 4.0

3630 0.554 7.4 69 57 22 5.2

3840 0.584 1.7 35 57 5 3.7
1

4030 0.588 1.9 34 56 5 4.6
3880 0.572 1.9 32 63 5 4.0

1

4020 0.577 2.5 36
1

62 5 3.7

3448 0.548 4.37 59 48 16 4.5

7.37

8.11

7.89

8.62

8.98

8.69

8.81

8.65

9.34

8.95

8.51

9.26

10.63

9.57

9.53

8.86

00

6aS3 5830 0.580 8.2 35 43

1

1

39 4.7 7.88

6aNl 6300 0.620 8.6 25 47 42 4.4 7.59

6aN3 4250 0.479 4.1 91 45 12 4.7 7.24

3hS2 3290 0.402 3.9 32 14 11 3.8 7.74

3hN2 3830 0.447 3.9 29 23 11 3.8 7.07

3hE3 4110 0.470 1.0 31 41 12 4.8 7.18

3gN2 3700 0.440 2.2 29 38 10 3.9 7.07

3bS2 5080 0.546 2.0 32 55 19 4.0 7.36

3bS4 4950 0.537 2.3 54 51 19 4.2 7.36

4dN4 4370 0.485 4.3 46 43 20 5.0 7.71

4bN3 4940 0.537 4.6 39 • 40 23 4.7 7.99

5iN10-l 3930 0.451 1.0 34 43 8 5.1 9.59

5iN3-4 3840 0.445 1.8 35 38 10 5.0 9.41

5iN3-3 3850 0.448 4.0 32 42 7 4.4 9.20

5iE9 4390 0.486 1.5 31 45 7 4.8 9.06

Ave. 4440 0.491 3.56 39 41 16.6 4.5 8.62

walled cells with smaller lumina

Pinus ndicated from fig. 13 that for a given
cific gravity Pinus echinata must contain about 10 oer cent and
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TABLE X
THE 10 STRONGESTANDTHE 10 WEAKESTSPECIMENSPERUNIT WEIGHT

TAKENFROMFIG. 12—SEASONED MATERIAL
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Pinus Taeda 20 per cent more summer wood than Pinus palus-

tris. This is further amplified by fig. 14, which shows the

st length plotted against the percentage of summer wood. For

t'le most part, each species occupied a different region of the

graph, Pinus Taeda being weakest, Pinus palustris strongest,

and Pinus echinata intermediate for a given percentage of

summer wood. The overlapping of the species was greatly in-

fluenced by the variations in strength in a given species due to

inferior fibers as described for the material represented in
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figs. 11 anr! When the streiisrth of

S

plotted agaiiiyt tlie percentage of summer wood, ho^

there was less spread of points and a band similar to tli

cific gravity-strength relations was obtained (fig. 15).

the specific gravity (when corrected for resin content

more accurate measure of the mass represented, there was less

spread in the points when the specific gravity was plotted

ire figs. 12 and 15), Essentially

IS a

against the strength comp

specific gravity

Fig. 13. The percentage of summer wood i^lotted against the spocific gravity.

Pinius Taeda (loblolly phie), Ijlack-aml-white circle; PLniis echinuta (shortleaf

pine), white circle j Finus palu.^fri^ (longleai pine), bhu-k eircle.

the same specimens were foimd in the upper and lower limi

of the bands in these two fiinires.

Discussion

Tlie specific gravity of clear specimens of southern yellow
pine wood is not an accurate measure of its strenglli^ and the

percentage of summer wood, without regard for the density of

the dilTerent species, shows even greater variations under
present specifications. Resins increase the specific gravity,



percentage of suT?nn«r wood

Fig. 14. Trees 5 and 7 (black-and-white circle, Finns Taeda)^ tree 3 (white circle, Finns echinata)^ trees 4 and 6

(black circle, Finns palnstris), green. The compression strength plotted against the percentage of summer wood.

The lines represent the averages of the various species as indicated. The wide spread of points may be lai-gely at-

tributed to the differences in density of the summer wood in the three species as shown in fig. 13,
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with little or no effect upon the strength. Although the wider

variations were eliminated by correcting the specific gravity

for benzol-soluble compounds, there were still variations of

from 1,500 to 2,000 pounds per square inch for practically the

pcrcenta^« of sumnwr wood

Fig. 15. Trees 1 and 2 {Finns Taeda), seasoned. The compression strength

plotted against the percentage of summer wood. Note the close agreement of

this figure with tliat of fig. 12, whicli represents the compression strength plotted

against the specific gravity for tlie same material.

entire range of specific gravity in the green material. In spite

of these variations the strength of the best material varied di-

rectly with the first power of the density, and the average

strength of the ditferent species agreed very well with the av-

erages reported by Newlin and Wilson ('17) for the same



[Vol. 21

318 ANNALS OF THE MISSOURI BOTANICAL GARDEN

species, with the exception of tree 3, Pinus ecliinata, which was
unusually strong for its species. There was an increase of

about 1,300 pounds per square inch for an increase of 0.1 in

specific gravity in the green material and about 3,000 pounds
in the dry material if only the most perfect specimens were
considered. When the increase in stremrlh for the changes ofJ_,.1L iV/i UXiV. »„l.CVllw

moisture was accounted for, both the green and seasoned ma-
terial showed essentially the same relations of density and
strength.

Since the variable due to moisture content was eliminated

using only green material (that with a moisture content

fibe d specimens of a simi

moisture, and since the absolute density of the wood substance

was constant, the variations in strength were attributed to the

differences in structure. The anatomical structure of the

southern yellow pines is simple and has been described by
Mohr and Roth ('97) and others. The woody cylinder or

xylem is composed primarily of tracheids with occasional
groups of wood parenchyma. An anastomosing system of

resin canals and the wood rays make up the remainder of the
structure.

In order to make any correlation between the strength and
the structure, it was necessary to evaluate the strength on a
unit-weight basis knowm as the specific gravity. The short-

fibered material in the first few growth rings was weak, being
less than half as strong in certain cases as the longer-fibered

material farther out in the tree, but it was also much lighter.

The very first rings, however, were not so strong in proportion
to their density as the best material containing the longer tra-

cheids. On the other hand, they were not so weak in propor-
tion as the poorest material, which also contained long tra-

cheids. The weakness of this short-fibered material was ap-
parently due to the large number of resin canals and w^ood rays
which interrupted the unity of the material. In very slow-
growth trees this area may be neglected but in rapid-growth
material there may be a difference of 50 to 100 per cent in

strength along a radius of from 6 to 8 inches (table viii, com-
pare specimen ldS2 with ldS6 and 2aN2 with 2aN5).
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As the tracheids increased in length the density also in-

creased, but the latter reached a maximum between the ages

of 40 and 100 years (also Mohr and Roth, '97), after which it

declined more or less rapidly, whereas the tracheid length

sometimes fluctuated although with little regular reduction in

length. The maximum strength was found to be in this high

density material in the intermediate zone, but the strength was
often much lower than was indicated by the density. It was
for the most part this high-density material that showed the

greatest fluctuation in strength per unit weight.

Comparing the extremes in strength per unit weight, there

was little difference in the length of the tracheids and rings per

inch in the strongest and weakest specimens of the green mate-

rial, but there were differences in the percentage of area taken

up by resin ducts and wood rays and particularly in the con-

tour of the cells and the structure of the cell walls. The per-

centage of area taken up by the wood rays and resin ducts was
noticeably greater in the weak specimens of the seasoned ma-
terial, but it is evident that these factors (fiber length, resin

canals, and wood rays) were not entirely responsible for the

wider variations in strength although it was indicated that

they contributed to it. The fact that the tracheids buckled

away from the rays (pi. 13, figs. 3 and 4) indicated that an ex-

cess of rays would be weakening. Furthermore, areas con-

taining a high percentage of torquimural tracheids had a

greater percentage of rays than the other material.

There was no direct correlation between the number of rings

and the strongest or weakest specimens per unit weight, but

the greatest strength for a given tree was usually found in the

intermediate growth, while low density and low strength were
associated with extremely rapid or slow growth. The weaker
specimens per unit weight had a much higher percentage of

summer wood than the stronger ones regardless of species, but

in the material containing straight uniform tracheids with con-

centric laminae (concentrimural tracheids) the strength in-

creased with the summer wood within a given species. In gen-

eral, however, for a given specific gravity, Pinus echinata con-

tained 10 per cent and Pinus Taeda 20 per cent more summer



320 ANN.VLS OF THE MISSOUEI BOTANICAL GARDEN
[VOL. 21

wood than Pinus palustris^ and similarly for a given strength

there was a greater percentage of summer wood in Piniis

Taeda and Pinus echinata than in Pinus palustris. From this

it is concluded thnt for the strongest material per unit weight

one must choose medium to low density Pinus Taeda and

medium to high density Pinus palustris. This is borne out by

fig. 11, which shoAvs that for tlie lower density material Pinus

Taeda is the strongest, whereas for the high density material,

Pinus pahistris and Pinus echinafa are superior. Pinus echi-

nata was not sufficiently well represented here to justify any

definite statement as to how it would fit into this relationship.

Since the poorer material was not confined to the very dense

or very light wood and since the greater variations in strength

were not entirely due to the length of the tracheids nor the

wood rays and resin canals, the cause must be sought in the

general contour of the cells and the structure of the cell walls.

Weakness was associated with torquimural, crooked, and

otherwise deformed tracheids, although the walls of the latter

were often made up of the usual concentric laminae. The
crooked fibers tended to buckle more readily than the straight

ones, which caused the material to be considerably weaker than

was indicated by its density.

Sonntag ('04) found that the tensile strength of ordinary

wood w^as from 25 to 50 per cent greater than that of com-

pression wood (torquimural cells). He also stated that the

compression side of the tree had a greater resistance to com-

pression than the tension side due to the thicker w^alls, which

gave a greater resistance to bending in that direction. He did

not take into account the great differences in density, however,

which more than offset the increase in strength or stiffness.

Jac^ard (^28) observed that compression wood contained a

higher percentage of lignin than normal wood, as did Dads-

well and Hawley ('29) for compression wood of Sitka spruce,

Koehler ('33) reported that compression wood in the green

condition was low in stiffness and on a unit-weight basis was
inferior in all strength qualities. When seasoned the differ-

ences were much greater, and the compression wood was very

brash in tension.



1934]

BERKLEY STRUCTUREAND STRENGTHOF SOUTHERNPINE 321

The torquimural tracheids, with an entirely different wall

structure from the concentrimural cells, were brash and had

from 1,500 to 2,000 pounds less strength per unit weight in the

green condition and from 2,000 to 3,500 pounds less in the sea-

soned condition than the material made up of straight cells.

The increase of strength with drjmess was not so great in the

specimens containing large quantities of torquimural cells, due

primarily to the checking of the individual cell walls and to the

internal stresses caused by unequal shrinkage. The middle

lamella had the same concentric arrangement as the concentri-

mural cells and in most cases the latter were interspersed witli

the torquimural tracheids. This condition, together with the

great differences in the pitch of the spiral of the laminae (and

micolls which are contained in the laminae) in adjacent torqui-

mural cells, was responsible for these internal stresses. The

strength of the torquimural

was caused by two factors

:

f

due

middle lamellae f ormin

The great differences in strength per unit weight of green

southern yellow pine may be largely attributed to the varia-

tions in the straightness of the tracheids, disruption of the

middle lamellae forming interstitial spaces, the structure of

the cell walls, and, to a certain extent, to the variations in resin

ducts and wood rays (particularly fusiform rays). It must be

borne in mind, however, that the effects of these factors were

accumulative, that no single one of them alone, with the pos-

sible exception of the structure of the cell wall, was responsible

for the wider variations in strength.

Due to the fact that one or more of the above factors was

present and effective to a certain extent in any given sample

of wood, it is evident that the density plotted against the

strength is not a straight-line relation but a band relation, of

which the more perfect specimens will be found in the upper

portion and the spread depends upon the diversity of the

material.

Although variations of from 50 to 100 per cent in strength

of small clear specimens in southern yellow pine timber taken
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from the same tree and similar but smaller variations in

strength of specimens of the same density may be expected,

this need not be an unsurmountable barrier to the grading and
uses of this material for special designs. The knowledge of

the variations in density and strength in the cross-section in

relation to the ago and growth rate of the tree and at the dif-

ferent lieights in the tree will make it possible to cut timbers
of serious differences in strength

The knowledge of the differences in specific gravity for a given
percentage of summer wood in the various species will make it

possible to evaluate the strength more correctly on the basis

of percentage of summer wood. The serious defects in the

form of crooked fibers and torquimural tracheids are visible in

dressed materials and may be eliminated in pieces of small
dimensions. A more complete knowledge of the extent and
distribution of these major defects in the virgin and second-
growtii timber of a given species and in different species of

wood used for structural timbers will make it possible to mod-
ify the grading rules to take care of these variabilities.

The bending strength and elastic properties of this material,

together with a more complete treatment of the compression
ted to ensrineerin

future

Summary

1. Compression tests parallel to the grain, together w^ith a
study of the physical properties and microscopic structural

features, were made on small specimens of clear wood taken
from seven southern yellow pine trees cut in "Walthall County,
Mississippi. Four of these trees were Pinus Taeda, one was
Pinus echinata, and two were Pinus palustris.

2. The fiber-saturation point as measured bv the electro-con-

ductivity method was 22.5 ± 1 per cent.

3. The absolute density of the wood substance was 1.52 as

compared with water at 4° C.

4. The percentage of benzol-soluble materials designated as

resins varied from 0.4 to 21 per cent in Pinus Taeda, with an
average of 2.3 per cent, from 0.9 to 6.4 per cent in Pinus echi-
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nata, with an average of 2,5 per cent, and from 0.9 to 29.1 per

cent in Pinus palustris, with an average of 5.6 per cent.

5. The rate of growth varied from 1% to 25 rings per inch

in Pinus Taeda, from 5 to 21 rings in Pinus echinata, and from

9 to 55 rings per inch in Pinus palustris. The first-formed

rings of the Pinus Taeda trees were very broad, the growth

rate decreasing with an increase in the age of the tree, whereas

in the Pinus echinata and Pinus palustris trees the first 2 to 4

inches from the pith were of very slow growth, the growth rate

increasing with the age of the trees.

6. The percentage of summer wood, and thus the density,

decreased from the region of the base of the tree towards the

crown. In general, tlie density increased from the first growth

ring to a maximum in the region of the 100th ring and de-

clined from this point towards the periphery of the stem.

7. For a given specific gravity, Pinus echinata contained

about 10 per cent, and Pinus Taeda 20 per cent, more summer
wood than Pinus palustris. The differences in density were

due to the variations in thickness of the cell walls.

8. The percentage of area taken up by resin ducts was great-

est in Pinus Taeda and least in Pinus echinata.

9. The wood rays decreased in number and increased in size

from the pith to the periphery of the stem in all three species.

They occupied slightly more area at the base of the tree, de-

creased somewhat at the higher levels, and again increased to

a second maximum at the top. They were largest in the rapid-

growth Pinus Taeda and smallest in Pinus echinata.

10. The tracheid length increased rapidly through the first

10 growth rings and more slowly through the remaining rings.

Slight fluctuations in length were observed in the outer por-

tions of the older trees. The tracheid length increased from
the stump level towards the top of the tree, at least for the first

few feet.

11. Torquimural tracheids are defined as cells with or with-

out interstitial spaces, moderately to very dense, the secondary

thickening of the individual cell wall being sharply differenti-

ated from the primary wall by its radial bands or laminae

which lie in a spiral around the cell. Torquimural tracheids
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were not confined to the leaning side of the tree, but they oc-

curred also on opposite sides of the same cross-section.

12. Failure in compression was accompanied by buckling

of the trac'lieids In the direction of a tangent to the annual

rings. The buckling cells separated from each other at the in-

terfaces of the middle lamella and the secondary thickenings.

In the concentriinural cells, buckling was accompanied by a

folding of the wall on the inner side of the cur^'o, whereas in

the torquimural cells, when buckling occurred, it was usually

accompanied by a shredding of the laminae, although the tra-

cheids often settled by folding upon themselves or broke off

short.

13. The compression strength was roughly proportional to

the specific gravity, but there were variations of from 40 to 70

per cent in strength (liased upon the minimum strength) for

a given specific gravity. Due to the numerous factors affect-

d

by a band than a straight line. The strength decreased

from a maximum in the lower 12 to IG feet of the tree towards

the cro\^Ti regardless of species. It increased from the region

of the pith towai'ds the periphery of the stem. The strength

reached a maximum in the outer sapwood of the younger Piniis

Taeda trees, and from 7 to 11 inches from the pith in the older

Pinus Taeda tree after wliich it declined rapidly to a minimum
in the outer sapwood, whereas it decreased from the first spec-

imens around the pith towards the periphery of the stem in the

Pinus ecJiinata and Pinus palustris trees.

14. For the low-density material, Pinus Taeda had a

strength Dcr unit weisrht. whereas for the hiirh-densitv ma
5

terial Pinus palustris and Pin

15. The strongest wood per

concentrimural trachoids with

ed

ver\^ weak in relation to its d

ated with crooked and accumu
lative effects of numerous wood rays and resin ducts also con-

tributed to the weakness of the material.

16. Since the material containing extremely crooked fiber

and the more pronounced torquimural tracheids can be dif-
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ferentiated in the dressed condition from the better grade of

lumber, the above data will aid the man of industry in select-

ing timbers for special designs. More data of this type will

facilitate the formulation of grading rules and make it possible

for lumber companies to standardize their products.
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Explanation of Plate

PLATE 9

Three test specimens from each of the seven trees showing some of the variations

in growth rate and percentage of summer "wood.

Fig. 1. From tree 1 (Fiiius To^da, loblolly pine), showing the extreme range in

percentage of summer wood. Specimen laN7 at the extreme left is composed almost

entirely of torquimural tracheids.

Fig. 2. From tree 2 {Finns Taeda, loblolly J)ine), showing tlie great variation

in growth rate and the poor differentiation of spring and summer wood in speci-

men 2hSl at the extreme right.

Fig. 3. From tree 5 (Pinvs Taeda^ loblolly pine), showing the differences in

growth rate and percentage of summer wood in the immediate vicinity of the pith

(specimen 5iSl), the intermediate zone (5bN12), and in the outer sapwood

(5bN3-5). Note the V-shaped markings in 5bN12.

Fig. 4. Fr(»m tree 7 {Finns Tacda, loblolly pine), showing the major variations

in growth rate and percentage of summer wood. Specimen 7gE3 on the extreme

right hag poor differentiation of spring and summer wood and contains a certain

amount of torquimural tracheids.

Fig. 5. From tree 3 {Finns echinata, shortleaf pine), showing the differences

in percentage of summer wood and growth rate in the immediate vicinity of the

pith at the different heights in the tree as shown in 3aS2 and 3fNl.

Fig. 6. From tree 4 {Pinv,^ pahiMris, longleaf pine), showing variations in

growth rate and the irregular rings containing torquimural tracheids as seen in

4cS5.

Fig. 7. From tree 6 {Finns palustris, longleaf pine), showing variations in

growth rate and percentage of summer wood. Note the broad rings of summer

wood in 6eE5 which are composed largely of torquimural tracheids.

Specimen laN7 of fig. 1 is representative of the material found in the weakest

specimens per unit weight of the seasoned material, and 4cS5 of fig, 6, of the green

material.
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PLATE 10

Fig. 1. A cross-section of tlic spriiig-wood portion of an annual ring showing

branch

the distribution of the resin duets. X 13.

Fig. 2. A row of 4 resin ducts. Note the resin duct on the extreme right

ing to form the fifth one. The cells between those resin ducts are all thin-walled

parenchyma cells, x 100.

Fig. 3. Concentrimural tracheids showing the curvature and reduction in di-

ameter where they pass the larger wood rays, paxticularly the fusiform ray. X 100.

Fig. 4. Crooked and deformed tracheids. X 13.

Fig. 5. The crossing of the alternate tiers of tracheids in crooked-fibered ma-
terial. X 100.

Fig. 6, This figure gives some idea of the extent of the wood parenchyma and

the septate tracheids in the region of a series of resin ducts as shown in fig, 2.

XlOO.
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ExrLANATlON OF PlATE

PLATE 11

Fig. 1. The diffraction patterns of tlie concentric laminae in the cell walls as

rovoaled by the Spierer lens. Those are typical concentrbnural tracheids. x 900.

Fig. 2. The concentric laminae of the spring wood colls under direct illumiiia-

imniersioution. This photograph was taken by the use of an ordinary oil

x900.

Fig. 3. The diffraction patterns of the lamuiae as shown in the longitudinal

section with the Spierer lens. The focus was adjusted on the cell walls and the

lumen appears as a dark band between them, x 900,

Fig. 4. A layer of torquimural tracheids (the darkest area) within the summer-
wood portion of an annual ring. Note the sharp demarcation between the con-

ccntrimural colls and the torquimural cells at the inner edge of the latter (to the

right) and the gradual disappearance of tho torquimural cells on the outer side

(to the left) where the two types of cells are intermixed. " x 100.

Fig. 5. A longitudinal section of torquimural tracheids showing the spiral

checks. Note the striations between the checks. X 450,

Fig. 6. A cross section of torquimural tracheids showing the interstitial spaces,

the sharp demarcation between the primary and secondary walls, and the numerous
radial checks in the latter, x 900.
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PLATE 12

Fig, 1. A cross section of torquLuiural traclieids at the right and concentrimural

tracheids at the extreme left. The radial striations in the secondary thickening

are layers corresponding to the laminae of the concentrimural cells as illustrated

in pi. 11, fig. 1. The cells to the extreme left do not have the radial laminae.

Photograph tiiien by the aid of an ordinary oil-immersion lens. X 900.

Fig. 2. The torquimural cells as seen under the Spierer lens. Note the irreg-

ularity of the radial laminae. X 900.

Fig. 3. Torquimural cells as in fig. 2 but showing in addition to the radial

laminae of the secondary thickening the concentric laminae of the middle lamella.

This area appears somewhat broader than it really is, due to the magnification of

the diffraction patterns. X 900.

Fig. 4. Tlie torquimural cells as seen by the use of the cardeoid dark-field con-

denser. Note the middle lamella which is distinct from the secondary walls w^hich

are checked in the radial direction, x 900.

Fig. 5. The same as fig. 4 but at lower magnification which shows more clearly

the radial arrangement of the laminae in the secondary thickening, x 450.

Fig. 6. A longitudinal section of torquimural cells as seen under the Spierer

lens. Note the spiral arrangement of the striations in the secondary thickening

as contrasted with the parallel striations in the region of the middle lamella. This

is a tangential section of the cell cutting through the radial laminae of the sec-

ondary thickening showing their edge view. Note the area between the middle

lamella and the spiral laminae which shows no particular structure. This is due

to the angle at which the laminae were cut, showing them on a side view as wall be

seen if this section is compared with a tangent to the cells shown in figs. 1-5, x 900.

Fig. 7. The spiral striations in the torquimural cells as shown under the dark

field, x 900.
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